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Abstract 
The reductive elimination reactions detailed in this dissertation provide experimental 
insight into the mechanism of reductive elimination to form the C(sp3)-N bond of benzylamines 
and the C(sp3)-O bond of benzyl ethers. The stereochemical outcome of the reaction indicates an 
ionic pathway, but the process lacks many of the effects of electronic and solvent perturbations 
that typically signal an ionic intermediate. We propose that reductive elimination from 
benzylpalladium(II) amido and aryloxide complexes occurs by dissociation of the amido or 
aryloxide ligand, followed by nucleophilic attack on the benzyl ligand. The proposed ionic 
mechanism is more akin to the reductive elimination reactions that occur from high-valent Pt(IV) 
and Ni(III) complexes than reductive elimination reactions that occur from other Pd(II) 
complexes. Our data indicate that substantial differences exist between reductive eliminations to 
form the C(sp3) bonds in ethers and amines from palladium(II).  
We prepared alkylpalladium(II) amido complexes to study the C(sp3)-N reductive 
elimination reaction from complexes containing a non-benzylic hydrocarbyl ligand. We 
investigated a series of alkylpalladium amido complexes and observed reductive elimination 
occurs from bisphosphine-ligated neopentylpalladium amido complexes in low yield.  Reductive 
elimination from neopentylpalladium amido complexes occurs most likely by a concerted 
reductive elimination reaction, and is favored by the increased steric bulk of the neopentyl 
ligand. We also investigated azametallacyclic palladium complexes with a norbornyl 
hydrocarbyl ligand, and observed reductive elimination occurs to form a norbornyl indoline 
product. We found that the yield was slightly improved over neopentylpalladium complexes, but 
that the yield of reductive elimination was low. Finally we investigated non-metallacyclic 
complexes containing a norbornyl hydrocarbyl ligand. We discovered that reductive elimination 
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occurs in moderate yield, and the reductive elimination product ratio indicates a balance between 
a concerted and an ionic mechanism.  
The data presented in this dissertation demonstrate that C(sp3)-N reductive elimination 
from benzylpalladium(II) and alkylpalladium(II) complexes can occur. We propose an ionic 
mechanism for the formation of benzylamines and benzyl ethers by reductive elimination from 
benzylpalladium(II) complexes. Reductive elimination from neopentyl and 
metallacyclicpalladium(II) complexes likely occurs by a concerted mechanism, demonstrating 
the importance of steric bulk and metal geometry, respectively. Finally, reductive elimination 
from non-metallacyclic norbornylpalladium(II) complexes indicates that a concerted and ionic 
mechanism may occur simultaneously. Although the yield of the alkylamine products is low, the 
observation that C(sp3)-N reductive elimination occurs from the alkylpalladium complexes 
provides the first step toward developing a synthetically useful reaction for the formation of 
C(sp3)-heteroatom bonds from low-valent group 10 complexes without the addition of an 
oxidant. 
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Chapter 1: Reductive Elimination: Parameters that Influence the Relative Rate, and 
Examples of C-Heteroatom Reductive Elimination Reactions. 
______________________________________________________________________________ 
 
1.1 Introduction to Reductive Elimination 
Organometallic chemistry is dominated by a handful of fundamental bond-forming or 
bond-breaking transformations: oxidative addition, reductive elimination, migratory insertion, 
transmetalation, and β-hydride elimination. Catalytic reactions are composed of several of these 
elementary reactions, and the elementary reaction of reductive elimination is the product-release 
step of many catalytic cycles.  While mild catalytic methods for the formation of carbon-carbon 
bonds have been well developed, comparable mild catalytic methods for carbon-heteroatom 
bond-forming reactions were only recently developed. The ability to form carbon-heteroatom 
bonds by a catalytic process could provide a powerful strategy for fine and commodity chemical 
synthesis.1, 2  
The elementary reductive elimination reaction forges a bond between two anionic metal-
bound ligands and results in a reduction of the metal’s formal oxidation state by two units. A 
generic reductive elimination reaction is shown in Equation 1.01. Both carbon-carbon and 
carbon-heteroatom bonds can be formed by reductive elimination. These reactions serve as the 
basis for Suzuki, Negishi, Kumada, Sonogashira, Buchwald-Hartwig, Chan-Lam, and Ullmann 
cross-coupling reactions.1, 2 Numerous factors, including orbital symmetry, bite angle, 
coordination number, oxidation state, and steric effects, influence the rate of reductive 
elimination. These parameters will be discussed in depth individually in the following sections. 
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1.2 Factors that Affect the Rate of Reductive Elimination 
1.2.1 Orbital Symmetry  
Square planar complexes serve as intermediates in catalytic transformations such as 
Suzuki, Negishi, Kumada, Sonogashira, or Buchwald-Hartwig cross-coupling reactions. The 
parameters that affect the relative rate of reductive elimination from d8 square planar complexes 
have been studied computationally for catalytically relevant organometallic complexes of the 
general type (A)2M(R)2, in which A = PH3, H; M = Ni, Pd; R = H, CH3.3 A schematic orbital 
correlation diagram for reductive elimination from a cis-(A)2M(R)2 complex to form (A)2M with 
expulsion of R-R is shown in Figure 1.01. The orbital of interest is the low-lying 1b2 orbital, 
which increases in energy and becomes metal-centered during the reductive elimination reaction. 
The difference in energy between the ground-state energy level of the 1b2 orbital and the metal-
centered b2 orbital dominates the activation energy for the reductive elimination. Factors that 
stabilize the b2 orbital inhibit reductive elimination, which is the case for nickel complexes due 
to the lower-energy d-orbitals of nickel relative to palladium. The energy level of the b2 orbital 
can also be affected by the donating ability of the ligands. Strong σ-donor reacting ligands (R) 
raise the relative energy of the ground-state configuration, which accelerates the rate of reductive 
elimination because the activation energy is diminished. Strong σ-donating ancillary ligands (A) 
raise the relative energy of the metal-containing product, thus raising the activation energy.  
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Figure 1.01 Orbital correlation diagram for d8 square planar complexes undergoing reductive elimination. 
(Adapted from K. Tatsumi, R. Hoffmann, A. Yamamoto, J. K. Stille, Bull. Chem. Soc. Jpn. 1981, 54, 
1857.) 
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1.2.2 The Effect of Orbital Hybridization of the Reacting Ligands 
The orbital hybridization of the reacting ligands also influences the relative rate of 
reductive elimination. As the p-orbital character of the donor orbital of the reacting ligand 
increases, the rate of reductive elimination generally decreases. The decrease in the rate of 
reductive elimination is due to the greater orbital directionality associated with increased p-
orbital character. Reductive elimination to form C-H bonds occurs rapidly because the s-orbital 
of the hydride ligand is spherically symmetric, whereas reductive elimination reactions involving 
a sp3 hybridized orbital occur more slowly because of the high degree of directionality and 
presence of nodal planes.4, 5  
The orbital hybridization has a profound effect on the rate of reductive elimination: 
(PPh3)2Pt(H)(CH3) undergoes reductive elimination at -25 oC whereas (PPh3)2Pt(CH3)2  
undergoes decomposition at 237 oC.6, 7  The reluctance of complexes containing sp3 hybridized 
hydrocarbyl ligands to undergo reductive elimination was also revealed by studies of the C-S 
reductive elimination from palladium thiolate complexes. Reductive elimination of the C-S bond 
was observed to occur considerably more slowly when the reaction involved coupling of a 
methyl ligand than when it involved coupling of a phenyl or alkenyl ligand (Table 1.01).8  
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Table 1.01 Reductive elimination of a C-S bond from a palladium thiolate complex demonstrates the 
effect of orbital hybridization on the rate of reductive elimination.  
 
R Temp (oC) t1/2 (min) 
Me 95 580 
Ph 50 48 
 
50 17 
 
 
1.2.3 Metal-Ligand Bond Dissociation Energies 
Besides the orbital hybridization, the type of atoms that are undergoing reductive 
elimination can influence the relative rate of the reaction. Metal-heteroatom bonds are 
considerably stronger than metal-carbon bonds due to an increase in the ionic character of the 
metal-heteroatom bond compared to that of a metal-carbon bond.9, 10 The homolytic bond 
dissociation energies of a series of bisphosphine platinum complexes were experimentally 
measured, and the Pt-O bond of a hydroxo complex was found to be approximately 32 kcal/mol 
stronger than the Pt-N bond of an amido complex (Table 1.02).9 During a recent computational 
study the Pt-OH bond was computed to be 30 kcal/mol stronger than the Pt-N bond of an amido 
complex (Table 1.02). The relative order of homolytic bond dissociation energies was 
determined to be Pt-O > Pt-N > Pt-C(sp3).10 Due to the strength of metal-heteroatom bonds, it 
might be deduced that there are few reductive elimination reactions that form C-heteroatom 
bonds. While this assumption is not entirely correct, C-heteroatom bond-forming reductive 
elimination reactions have only been developed recently; the scope of C-heteroatom bond-
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forming reactions remains much more limited than that of C-H and C-C reductive elimination 
reactions.  
 
Table 1.02 Relative Homolytic Bond Dissociation Energies of (DPPE)Pt(Me)(X) relative to X = NMePh. 
Method X= OH X = NMePh 
Experimental 32.3 0.0 
Computational 30.3 0.0 
 
 
1.2.4 The Effect of Steric Encumbrance 
Complexes ligated by sterically encumbered ancillary ligands generally undergo 
reductive elimination more rapidly than complexes ligated by less sterically encumbered 
ancillary ligands. The rationale for this observation is that the steric congestion of the metal 
coordination sphere is relieved after expulsion of the reductive elimination product.11 Milstein et 
al. studied reductive elimination from the rhodium-pincer complexes shown in Scheme 1.01 in 
the presence of carbon monoxide. Complexes ligated by a bulky tert-butyl phosphine ligand 
undergo reductive elimination to form methyl-iodide, whereas complexes ligated by a less 
sterically demanding diisopropyl phosphine ligand did not undergo the same reductive 
elimination (Scheme 1.01).12  The importance of steric hindrance on the rate of reductive 
elimination is illustrated by the less electron-rich diisopropyl phosphine complex being more 
reluctant to undergo reductive elimination than the more electron-rich di-tert-butyl phosphine 
complex. The effect of the electron-donating ability of the ancillary ligand will be discussed 
further in Section 1.2.5, although electron-rich complexes typically undergo reductive 
elimination more slowly than less electron-rich complexes. 
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  Scheme 1.01 Reductive elimination of methyl-iodide from a rhodium(III) complex demonstrating the 
importance of steric hindrance on the ancillary ligand. 
 
However, there are some exceptions to the general trend that increased steric hindrance 
accelerates the rate of reductive elimination. The rate of C-S reductive elimination was studied 
for a series of arylpalladium thiolato complexes, and reductive elimination was observed to occur 
more slowly for complexes with sterically bulky groups on the reacting ligands (Table 1.03).8 
The complex with the 2-substituted aryl group reacted faster than the complex lacking 
substituents at the 2-position of the aryl ligand.  
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Table 1.03 Reductive elimination from arylpalladium thiolate complexes demonstrating that steric 
hindrance on the reacting ligands can decrease the rate of reaction. 
 
Ar t1/2 (min) 
 
44 
 
51 
 
6600 
 
 
The observed trend was rationalized by considering the ability of the thioether product to 
coordinate to the unsaturated low-valent metal fragment that forms after reductive elimination. 
Reductive elimination from the 2,6-dimethylphenyl complex results in coordination to a tetra-
substituted C=C bond, whereas the 2,4-dimethyl and 3,4-dimethylphenyl thioethers coordinate 
through a trisubstituted C=C bond (Scheme 1.02).8 Coordination of the sterically congested tetra-
substituted bond is disfavored relative to coordination to the tri-substituted C=C bond. The 
difference in coordinating ability accounts for the difference in relative rate of reductive 
elimination from the arylpalladium thiolate complexes. 
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 Scheme 1.02 The effect of bulky groups on the coordinating ability of the arylthiol product to the reduced 
palladium species. 
 
However, in some cases more sterically hindered ancillary ligands stabilize the formation 
of a complex of an odd coordination number, which typically undergoes reductive elimination 
more readily than complexes with an even coordination number.13 The effect of coordination 
number will be discussed further in Section 1.2.8. 
 
1.2.5 The Effect of Electron-Withdrawing and Electron-Donating Substituents 
Complexes ligated by strong electron-withdrawing ancillary ligands generally undergo 
reductive elimination more rapidly than complexes containing electron-donating ancillary 
ligands. Electron-withdrawing ancillary ligands are able to stabilize the more electron-rich 
reduced metal species, resulting from the reductive elimination reaction.  
The rate of reductive elimination from arylpalladium amido complexes ligated by 
electronically differentiated bisphosphine ligands was observed to follow the aforementioned 
general trend.14  Complexes with electron-withdrawing substituents on the aryl rings of the 
9 
 
bisphosphine ligand underwent rate of reductive elimination more rapidly than complexes with 
electron-donating substituents on the aryl rings of the bisphosphine ligand (Table 1.04).  
 
Table 1.04 Arylpalladium amido complexes exhibiting the effect of electron-donating ability of the 
ancillary ligand on the rate of reductive elimination.  
 
Ar kobs (104 s-1) 
 
4.16 
             
12.8 
 
27.0 
 
 
Whereas electron-withdrawing substituents on the ancillary ligand accelerate the rate of 
reductive elimination, electron-withdrawing substituents on the reacting ligands generally 
decrease the rate of reductive elimination. Electron-withdrawing substituents on the reacting 
ligands increase the ionic character of the M-X bond, which increases the strength of the M-X 
bond. Typically, the stronger the M-X bond, the lower the rate of reductive elimination. This 
observation is exemplified by the numerous reductive elimination reactions that occur from 
methyl complexes but the scarcity of reductive elimination reactions occurring from 
trifluoromethyl complexes. Reductive elimination from palladium methyl complexes has been 
reported for (DPPE)Pd(Me)(Ph)15 and (DPPP)Pd(Me)(Ph)16; however, the analogous 
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trifluoromethyl complexes (DPPE)Pd(CF3)(Ph) and (DPPP)Pd(CF3)(Ph) were inert to reductive 
elimination (Scheme 1.03).17  
 
 
Scheme 1.03 Reductive elimination occurs to form aryl-methyl bonds but not aryl-trifluoromethyl bonds. 
 
This simplified view predicts kinetic trends based on thermodynamic trends, but there are 
examples in which electron-donating substituents on the reacting ligand enhance the rate of 
reductive elimination. Reductive elimination from arylpalladium amido complexes with electron-
donating substituents on the arylamine resulted in an increased rate of reductive elimination of 
the diarylamine product (Table 1.05). During the reductive elimination reaction, the diarylamide 
ligand acts as a nucleophile and the ipso carbon of the aryl ligand acts as the electrophile. 
Electron-donating substituents on the amido ligand increase the nucleophilicity of the amido 
ligand and consequently the rate of reductive elimination increases.14 
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Table 1.05 Arylpalladium amido complexes exhibiting an effect of electron-donating substituents on the 
rate of reductive elimination. 
 
R kobs (104 s-1) 
-H 2.94 
-Me 12.8 
-OMe 37.7 
                                                     
 
1.2.6 The Effect of the Bite Angle of the Ancillary Ligand  
The L-M-L angle present in complexes containing chelating ligands is called the bite 
angle, and chelating, wide-bite-angle ancillary ligands have been observed to increase the rate of 
reductive elimination, relative to complexes with a narrow-bite-angle ancillary ligand. A 
chelating, wide-bite-angle ligand on a square planar complex forces the angle between the 
reacting ligands to decrease, increasing the orbital overlap between the reacting ligands and 
resulting in an increased rate of reductive elimination. For a perfect d8 square planar complex, 
the angle between the ligands around the metal center is 90o. After reductive elimination, the d10 
metal complex geometry is linear, with an angle between the ligands of 180o. Wide-bite-angle 
ligands stabilize the preferred linear geometry of the reduced metal product.  
Reductive elimination from (DPPE)Pd(CF3)(Ph) did not undergo formation of Ph-CF3.17, 
18 In contrast, a Xantphos-ligated palladium complex formed an aryl-CF3 bond by reductive 
elimination (Equation 1.02).18 The wider bite angle of the Xantphos ligand (111o)19 compared to 
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the narrower bite angle of DPPE (85o)19 was proposed to be a major factor contributing to the 
difference in reactivity between the Xantphos-ligated and DPPE-ligated palladium complexes.  
 
 
 
In another study, the rate of reductive elimination from bisphosphine palladium 
complexes was measured as a function of the bite angle of the ligand. Complexes ligated by the 
wide-bite-angle ligand DPPF underwent reductive elimination considerably more rapidly than 
complexes ligated by DPPE (Table 1.06).16 A difference in the bite angle of 10o is enough to 
accelerate the rate of reductive elimination by several orders of magnitude. 
 
Table 1.06 The effect of the bite angle of the ancillary ligand on the rate of reductive elimination. 
 
Ligand Bite angle t1/2 (min) 
DPPE 85o 30a 
DPPF 96o rapidb 
   a performed at 35 oC 
   b performed at 0 oC 
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1.2.7 Reductive Elimination from cis/trans Complexes 
Reductive elimination by a concerted three-center-two-electron bond-forming process 
occurs more rapidly for complexes with mutually cis reacting ligands than for complexes with 
mutually trans reacting ligands. Complexes that have a trans geometry of the reacting ligands 
undergo reductive elimination either by isomerization to the cis complex or by a stepwise ionic 
pathway.  
Reductive elimination was observed for dimethylpalladium complexes in which the 
methyl ligands were mutually cis or trans. For trans-(PPh3)2Pd(Me)2, isomerization to the cis 
isomer occurred prior to reductive elimination only in the presence of a polar coordinating 
solvent or excess phosphine.20 This result indicates that the trans complex must first bind a fifth 
ligand. The resulting five-coordinate intermediate then isomerizes to the cis complex prior to 
reductive elimination (Scheme 1.04).   
 
 
Scheme 1.04 Mechanism for cis/trans isomerization for dimethylpalladium complexes. 
 
Furthermore, the cis complex (DPPE)Pd(Me)2 underwent C-C reductive elimination 
(Equation 1.03), but the trans complex (Transphos)Pd(Me)2 did not undergo the same C-C 
reductive elimination to form ethane (Equation 1.04).20, 21 However, the Transphos complex did 
react with methyl-iodide to form a Pd(IV) intermediate containing two cis methyl ligands, and 
then the Pd(IV) intermediate underwent reductive elimination to form ethane. 
 
14 
 
  
1.2.8 The Effect of Coordination Number 
Reductive elimination from three- and five-coordinate complexes generally occurs more 
rapidly than from four- and six-coordinate complexes. It might be hypothesized that this 
observed trend is due to the formation of a less electron-rich complex after dissociation of one 
ligand. However, oxidative addition occurs more readily for complexes with an odd coordination 
number than for complexes with an even coordination number. Reductive elimination from a 
four-coordinate complex leads to a reduced metal species with strong metal-ligand anti-bonding 
interactions, whereas reductive elimination from a three-coordinate complex leads to metal-
ligand non-bonding interactions (Figure 1.02).3 
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 Figure 1.02 Reductive elimination from four- and three-coordinate complexes. (Adapted from K. 
Tatsumi, R. Hoffmann, A. Yamamoto, J. K. Stille, Bull. Chem. Soc. Jpn. 1981, 54, 1857.).  
 
Reductive elimination of ethane was studied from palladium complexes containing 
monodentate or bidentate ligands. The complex (DPPE)Pd(Me)2 was observed to undergo 
reductive elimination more slowly than cis-(PPh2Me)2Pd(Me)2. The cis-(PPh2Me)2Pd(Me)2 
complex can dissociate one phosphine ligand, and the subsequent three-coordinate intermediate 
undergoes reductive elimination. However, the chelating nature of the DPPE ligand does not 
allow for dissociation of one arm of the phosphine to an appreciable degree. Therefore the DPPE 
complex cannot access a three-coordinate intermediate necessary for reductive elimination 
(Table 1.07). 
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Table 1.07 Effect of a chelating ligand on the rate of ethane reductive elimination. 
 
Ligand t1/2 (min) 
PPh2Me 1.20×102 
DPPE 2.42×104 
 
 
In Section 1.2.7, isomerization of trans-(PPh3)2Pd(Me)2 to the cis-(PPh3)2Pd(Me)2 was 
noted in polar, coordinating solvents or in the presence of a phosphine donor. The polar, 
coordinating solvent serves two roles, first as a hemi-labile ligand to induce isomerization from 
the trans to the cis geometry, and second to facilitate dissociation of one phosphine ligand from 
the cis complex to form a three-coordinate complex. Although the presence of phosphine was 
required for the isomerization to occur, excess phosphine was also shown to inhibit reductive 
elimination from a cis complex. Inhibition by excess phosphine provides further evidence that 
reductive elimination occurs from a complex of lower coordination number (Scheme 1.05).20   
 
 
Scheme 1.05 Dissociation of one monodentate phosphine ligand occurs to afford a three-coordinate 
complex prior to reductive elimination. 
 
Bisphosphine Pt(IV) trimethyl iodo complexes undergo reductive elimination of ethane, 
but the rate of ethane formation was significantly retarded by addition of excess iodide to the 
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reaction mixture. From these data it was concluded that the Pt(IV) complex only undergoes 
reductive elimination after dissociation of an iodo ligand to generate a five-coordinate 
intermediate (Scheme 1.06).22 
 
 
Scheme 1.06 Reductive elimination of ethane from Pt(IV) occurs by initial dissociation of iodide. 
 
1.2.9 The Effect of Oxidation State on the Rate of Reductive Elimination 
The electron density at the metal center can greatly influence the rate of reductive 
elimination; complexes with a higher positive charge at the metal center are generally more 
prone to undergo reductive elimination.  A cationic metal complex can be formed by the reaction 
of the complex with an external oxidant. An electron-poor, cationic complex is expected to 
undergo reductive elimination more rapidly than a neutral, electron-rich complex. 
Hillhouse et al. observed that a nickel oxametallacyclic complex can undergo reductive 
elimination of tetrahydrofuran and tetrahydropyran only after oxidation of the Ni(II) complex to 
a transient Ni(III) species with iodine (Scheme 1.07). Without added iodine, reductive 
elimination to form tetrahydrofuran does not occur.23-25  
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 Scheme 1.07 Reductive elimination to form a C-O bond is induced by oxidation of the nickel(II) 
complex.  
 
1.3 Potential Mechanisms for Reductive Elimination 
Three distinct mechanisms have been proposed for the formation of C-C and C-X bonds 
by reductive elimination: a concerted mechanism, an ionic mechanism and a radical mechanism. 
The transition state for concerted reductive elimination involves a three-center-two-electron 
bond. The metal-ligand bonds of Y-M-X break while a bond between Y and X forms. An ionic 
mechanism involves heterolysis of Y-M-X to generate Y-M+ and X-. The X- can then attack 
ligand Y of the Y-M+ fragment to form X-Y and a reduced metal species. Finally, radical 
reductive elimination involves the homolysis of Y-M-X to generate Y-M• and X•. Then X• can 
recombine with the Y-M• fragment to form X-Y and the reduced metal species. Specific 
examples to illustrate these mechanisms for reductive elimination are presented in the following 
sections. 
 
1.3.1 Concerted Reductive Elimination  
 A concerted reductive elimination mechanism was deduced for reactions that form C-H, 
C-C, and some C-heteroatom bonds. The metal-carbon bonds of a stereodefined benzylpalladium 
methyl complex did not fragment during the reductive elimination process, as evidenced by the 
retention of stereochemical configuration. First, oxidative addition of the enantiomerically 
19 
 
enriched (R)-deuterio-benzyl chloride to Pd(PPh3)4 occurs with inversion of configuration to 
generate trans-(PPh3)2Pd(CHDPh)Cl with (S) configuration at the benzylic position. 
Transmetalation with tetramethyltin affords the trans-(PPh3)2Pd(CHDPh)(Me) complex. The 
transmetalation reaction is complicated by transfer of the benzyl ligand from palladium to tin 
before the final reductive elimination, resulting in an erosion of the enantiomeric purity of the 
benzylpalladium chloride complex. Despite the erosion of the enantiomeric excess of the 
palladium intermediate, reductive elimination occurs with retention of configuration, as 
determined by optical rotation of the ethylbenzene product (Scheme 1.08).26  
 
 
Scheme 1.08 Reductive elimination of (S)-deuterio-ethylbenzene from palladium occurs by a concerted 
mechanism. 
 
Another example of concerted reductive elimination is the Suzuki cross-coupling reaction 
to form an alkyl-aryl bond. Oxidative addition of an alkyl-tosylate occurs with inversion of 
configuration, and transmetalation of the alkylpalladium tosylate complex with 9-BBN-Ph 
affords the alkylpalladium aryl complex. Reductive elimination from the alkylpalladium aryl 
complex affords a product whose stereochemistry is inverted from that in the starting compound 
(Scheme 1.09). Because the stereochemistry of the product is inverted relative to the starting 
material, the reductive elimination step must occur with retention of configuration.27  
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 Scheme 1.09 Reductive elimination of and alkyl-aryl bond from palladium occurs by a concerted 
mechanism. 
 
1.3.2 Stepwise Ionic Reductive Elimination 
Reductive elimination by a stepwise ionic mechanism is generally observed for high-
valent metal complexes and involves the dissociation of an anionic ligand, followed by 
nucleophilic attack on a metal-bound ligand. Trimethylplatinum(IV) phenoxide or sulfonamide 
complexes have been shown to undergo reductive elimination by a stepwise ionic pathway 
(Scheme 1.10). Polar solvents were demonstrated to accelerate the rate of reductive elimination 
for these Pt(IV) phenoxide and sulfonamide complexes by assisting in the dissociation of the 
anionic ligand from the metal center. Electron-withdrawing substituents on the dissociating 
ligand (X) increased the rate of reductive elimination by stabilizing the electron-rich anion (X-). 
The overall mechanism proposed for Pt(IV)-phenoxide and sulfonamide complexes involves 
reversible dissociation of the anionic ligand to generate a Pt(IV) cationic species. In a second 
irreversible step, the anion attacks one of the coordinated methyl ligands.28-30  
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 Scheme 1.10 Reductive elimination of methyl-iodide from a Pt aryloxide or sulfonamide complex occurs 
by an ionic mechanism.  
 
1.3.3 Radical Reductive Elimination 
The final mechanism of reductive elimination is considerably less common than either a 
concerted or stepwise ionic mechanism and involves the formation of radicals. Homolysis of 
alkyl ligands from dialkyl metal complexes has been observed, but the radical coupling reaction 
to form the dialkyl organic product was not observed.31-33  
An example of a reductive elimination potentially occurring by a radical mechanism is 
the formation of an aziridine from an azametallacyclobutane nickel complex. Oxidation of an 
azametallacyclic nickel complex by one electron forms a Ni(III) intermediate. The C-N reductive 
elimination reaction proceeds with inversion of configuration at the carbon atom either by 
homolysis or heterolysis of the Ni-N bond (Scheme 1.11).34 Reductive elimination occurring by 
an ionic and a radical pathway could not be experimentally distinguished. 
 
22 
 
 Scheme 1.11 C-N reductive elimination of an aziridine from a Ni(III) intermediate occurs either by a 
radical mechanism or by an ionic mechanism. 
  
1.4 Survey of C-Heteroatom Reductive Elimination Reactions  
This section will discuss carbon-heteroatom bond-forming reductive elimination 
reactions as they pertain to the formation of carbon-halogen, -pnictogen and -chalcogen bonds, in 
most cases, from isolated complexes. Examples of this class of reductive elimination as part of 
catalytic processes are presented to provide a basis for the mechanistic studies. 
 
1.4.1 C-Halogen Reductive Elimination Reactions 
Halo-organic compounds have found wide and varied applications ranging from 
substrates for cross-coupling reactions to metabolically deactivated derivatives of pharmaceutical 
agents. Aryl iodides and bromides are employed in the preparation of aryl Grignard reagents for 
chemical synthesis, and are substrates for metal-mediated cross-coupling reactions to form C-C, 
C-N or C-O bonds. Aryl chlorides are employed in the preparation of herbicides, dyestuff, 
rubber, and serve as substrates for some cross-coupling reactions.35 Aryl fluorides are important 
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because the C-F bond is more stable toward metabolic degradation than a C-H bond, and 
fluorinated compounds are incorporated in pesticides, fungicides and pharmaceutical agents.36 
Compounds containing fluorine are also more lipophilic than their non-fluorinated counterparts, 
and the enhanced lipophilicity increases cellular uptake. Due to the enhanced cellular uptake, 
compounds containing fluorine are utilized as tracers in medical applications. Compounds with 
19F are employed in magnetic resonance imaging (MRI) scans, and isotopically labeled 
compounds with 18F are utilized in positron-emission tomography (PET) scans for medical 
diagnosis.36  
 
1.4.2 C(sp2)-Halogen Reductive Elimination Reactions 
In 1969 Ettorre observed that heating methanolic solutions of a phenylplatinum(IV) iodo 
complex generated Pt(II) and iodobenzene (Scheme 1.12). Reductive elimination involving 
dissociation of the iodo ligand was proposed because the rate of formation of iodobenzene was 
found to vary inversely with the amount of iodide added to the solution.37  
 
 
Scheme 1.12 Reductive elimination of iodobenzene from a Pt(IV) complex. 
 
One well-known example of reductive elimination to form a C(sp2)-halogen bond is the 
Monsanto acetic acid process.38-40 In the proposed catalytic cycle methanol is first converted to 
methyl-iodide with HI, and then rate-determining oxidative addition of methyl-iodide to a Rh(I) 
complex occurs to form a six-coordinate Rh(III) complex. Next, methyl migration occurs to form 
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an acetyl ligand, and then the unsaturated complex coordinates free carbon monoxide. In the 
final step the C(sp2)-I bond of the acid iodide is formed. In a subsequent step the acid iodide is 
hydrolyzed by water to regenerate HI (Scheme 1.13). The C(sp2)-X reductive elimination 
reaction was observed for acetyl and  aroylrhodium halide complexes analogous to the catalytic 
intermediate. Reductive elimination formed RCO-X, but the acid halide was not observed 
directly due to hydrolysis by trace water.39, 41-44  
 
 
Scheme 1.13 A proposed catalytic cycle for the Monsanto acetic acid process. 
 
Hartwig et al. observed reductive elimination of aryl halides from arylpalladium(II) 
halide dimers after the addition of PtBu3. The PtBu3 ligand promoted the thermodynamically 
unfavorable reductive elimination of an aryl halide by increasing the steric hindrance in the metal 
coordination sphere. Reductive elimination to form an aryl-chloride was slower than reductive 
elimination of an aryl-bromide because the nucleophilicity of the halide is proposed to dominate 
over the strength of the C-X bond. The proposed mechanism involves dissociation of the P(o-
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tolyl)3 ligand, then coordination of PtBu3, and finally dissociation into a monomeric species that 
undergoes reductive elimination (Scheme 1.14).13, 45  
 
 
Scheme 1.14 Reductive elimination of aryl-bromides and chlorides occurs from a dimeric palladium 
complex. 
 
1.4.3 C(sp3)-Halogen Reductive Elimination Reactions 
In 1969 Shaw and Ruddick reported that the pyrolysis of methyl platinum(IV) iodo 
complexes formed methyl-iodide and ethane as the gaseous products. The complex with 
mutually trans phosphine ligands was observed to afford predominately methyl-iodide (Equation 
1.05), whereas the complex with cis phosphine ligands afforded primarily ethane (Equation 
1.06).46   
 
26 
 
 
Reductive elimination to form a C(sp3)-halogen bond was only recognized as an 
important fundamental transformation after Shilov et al. discovered the functionalization of 
methane by platinum salts.47 The proposed Shilov cycle begins with the formation of a Pt-CH4 
adduct followed by C-H activation to form a Pt-CH3 complex and H+.  The Pt(II)-CH3 complex 
is oxidized to a Pt(IV)-CH3 complex by a platinum oxidant. Finally, reductive elimination from 
Pt(IV) forms methanol or methyl-chloride. The formation of methyl-chloride in the Shilov 
reaction has been reported to constitute a major product under some conditions, with hydrolysis 
yielding methanol (Scheme 1.15).48-50 Bercaw et al. demonstrated that formation of methanol or 
methyl chloride by attack of water or chloride onto the methylplatinum complex does occur.51, 52 
 
 
Scheme 1.15 Proposed catalytic cycle for the electrophilic activation of methane discovered by Shilov. 
 
A trimethylplatinum(IV) iodo complex studied by Goldberg et al. underwent reductive 
elimination of methyl-iodide only after dissociation of the iodo ligand. Dissociation of the iodo 
ligand generates a cationic five-coordinate intermediate. Iodide then attacks one of the 
coordinated methyl ligands to form methyl-iodide and the Pt(II) dimethyl complex. During the 
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course of the reaction, methyl-iodide is observed initially, but ethane is observed after long 
reaction times. The C-I reductive elimination process is reversible and kinetically favored, but 
the C-C reductive elimination product is thermodynamically favored (Scheme 1.16).22 
 
 
Scheme 1.16 Methyl-iodide reductive elimination from a Pt(IV) complex by an ionic mechanism. 
 
Milstein and co-workers observed C(sp3)-I reductive elimination from a rhodium-pincer 
complex containing sterically bulky substituents on the phosphine arms.12 Analogous complexes 
with the less sterically demanding diisopropyl phosphine did not form methyl-iodide.  The 
proposed mechanism to form the C-I bond from the d6 Rh(III) complex is by a concerted 
mechanism, which contrasts with the ionic mechanism proposed for methyl-iodide reductive 
elimination from d6 Pt(IV) (Scheme 1.17). 
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 Scheme 1.17 Reductive elimination of methyl iodide from Rh(III) is proposed to occur by a concerted 
mechanism. 
 
In contrast to the reactions presented above that form C-Cl, C-Br, and C-I bonds by 
reductive elimination, reactions that form a C-F bond have remained elusive due to the high M-F 
bond strength. Reductive elimination from a high-valent Pd(IV) species has been proposed to 
form an aryl C-F bond, but only recently has an isolated complex been shown to form a C-F 
bond by reductive elimination.53, 54  Ritter et al. demonstrated that an isolated 
difluoropalladium(IV) complex formed an aryl C-F bond by reductive elimination.55 The 
mechanism of C-F reductive elimination was studied experimentally and computationally, and 
these data indicate that dissociation of  fluoride or sulfonamide occurs to generate a five-
coordinate complex prior to the C-F bond-forming reaction (Equation 1.07).56 
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1.4.4 C-Pnictogen Reductive Elimination Reactions 
Compounds containing C-pnictogen bonds have applications that include 
pharmaceuticals, insecticides, lubricants, dyes, and ligands for metal ions.57 Aniline derivatives 
are commonly used in both industrial and academic fields. Anilines are typically produced by 
nitration of an arene under harsh conditions; however, recent developments have allowed metal-
catalyzed cross-coupling reactions to occur between ammonia and aryl halides.58 A C-P bond is a 
common structural element found in ligands for organometallic complexes that are employed in 
important processes such as hydroformylation and the Shell higher olefin process (SHOP).59 
Aryl arsenic compounds were prescribed for the treatment of tropical diseases but have since 
been supplanted due to toxicity concerns.60  
 
1.4.5 C(sp2)-Pnictogen Reductive Elimination Reactions 
In 1906 Irma Goldberg discovered the amination and amidation of aryl halides catalyzed 
by copper. The first report by Goldberg described the arylation of ortho-aminobenzoic acid and 
the arylation of ortho-hydroxybenzamide with bromobenzene in the presence of copper metal as 
a catalyst (Equation 1.08 and 1.09).61 These amination and amidation reactions suffered from 
several drawbacks that limit the synthetic utility of the Goldberg reaction. First, stoichiometric or 
greater quantities of copper metal were required. Second, the reactions were conducted in a polar 
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solvent medium, such as nitrobenzene. Third, the high reaction temperatures limit the large-scale 
application of the Goldberg reaction.  Despite these shortcomings, one major advantage of the 
Goldberg reaction is that copper salts as well as elemental copper are competent catalyst 
precursors. 
 
Br
+
H
N
COOH
Cu, K2CO3
210 oC, NO2Ph
Eq. 1.08
COOH
H2N
 
 
 
 
The addition of ligands improved the activity of the copper catalyst, allowing the cross-
coupling reaction to be conducted at lower temperatures, and recent efforts have allowed for the 
addition of catalytic quantities of copper. Goodbrand et al. discovered that the addition of 
phenanthroline enabled the formation of triarylamines to proceed at moderate temperatures.62  
Buchwald and co-workers have reported a chemoselective N- or O- arylation of β-aminoalcohols 
with aryl iodides.63 Addition of ethylene glycol as a chelating ligand suppresses the O-arylation 
reaction and allowes for exclusive formation of the N-arylation product (Scheme 1.18). 
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 Scheme 1.18 Chemoselective N- or O- arylation determined by the presence of a ligand for copper.  
 
The mechanism of the Goldberg reaction has remained unclear since the first observation 
of N-arylation in 1906, but recently Hartwig et al. have isolated copper complexes that are 
chemically and kinetically competent to be intermediates in the amination, amidation and 
imidation reactions.64 The reaction between [CuOtBu]4, ligand (L), and an amide results in the 
formation of an ionic [(L)2Cu][Cu(amidate)2] species. The ionic species is favored in a polar 
solvent, such as DMSO, whereas (L)Cu(amidate) is favored in less polar solvents, such as THF 
or benzene. The N-arylation reaction could occur either by radical intermediates or by direct 
oxidative addition to the ionic or neutral copper species. Allowing [N(Bu)4][Cu(amidate)2] to 
react with an iodoarene did not afford the arylation product; however, when 
[(L)2Cu][Cu(amidate)2] was the catalyst the yield of the arylation product was 98% (Equation 
1.10 and 1.11). This result indicates that the reaction to form the N-arylation product occurs from 
a (L)Cu(amidate) complex rather than the ionic [(L)2Cu][Cu(amidate)2] species. 
 
 
32 
 
  
The presence of aryl radicals was tested by conducting the reaction of o-
(allyloxy)iodobenzene with [(phen)2Cu][Cu(pyrr)2]. The substrate o-(allyloxy)iodobenzene 
serves as a radical clock, and the radical cyclization reaction is known to proceed with a rate 
constant of 9.6×109 s-1 in DMSO. The organic products from the reaction were only N-arylation 
(95.5%) and hydrodeiodination (1.9%). None of the radical cyclization products were observed 
(Equation 1.12). The amination reaction likely proceeds by oxidative addition of the aryl halide 
to the (L)Cu(pyrr) complex to afford a Cu(III) species that then undergoes reductive elimination. 
Computational studies revealed that the formation of arylcopper(III) intermediates containing 
dative nitrogen ligands was kinetically accessible, and that an arylcopper species could be 
formed by a concerted oxidative addition or by internal electron transfer within the coordination 
sphere of the metal.  
 
 
 
Unlike the copper-catalyzed Goldberg reaction, palladium-catalyzed amination methods 
have been discovered recently. In 1983, Migita et al. reported the palladium-catalyzed amination 
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of aryl halides with tin-amides.65 The yield of the amine products ranged from moderate to high, 
and the best catalyst was found to be Pd(P(o-tolyl)3)2Cl2 (Equation 1.13).  
 
 
 
In 1995, the first tin-free conditions were reported by the groups of Hartwig and 
Buchwald, who also employed Pd(P(o-tolyl)3)2Cl2 as a catalyst but incorporated LiN(SiMe3)2 or 
NaOtBu as a base (Equation 1.14).66, 67 Since that first report, the reaction now known as the 
Buchwald-Hartwig reaction has been developed into a powerful synthetic methodology, even 
allowing for the reaction of ammonia with aryl halides.68, 69 
 
R + HNR'R''
NR'R''Br
R
Pd(P(o-tolyl)3)2Cl2
or Pd(P(o-tolyl)3)2
NaOtBu
or LiN(SiMe3)2
Eq. 1.14
 
 
The C-N bond-forming step in the reactions reported by Migita, Buchwald, Hartwig and 
co-workers involves a C(sp2)-N reductive elimination step. Reductive elimination from 
arylpalladium amido complexes has been investigated by the Hartwig group, and two competing 
pathways were observed for reductive elimination from trans-(PPh3)2Pd(Ar)(NAr2’). At low 
concentrations of PPh3, the predominant mechanism of C-N reductive elimination involves the 
loss of a PPh3 ligand to generate a three-coordinate complex. However, in the presence of excess 
PPh3 the prevailing mechanism involves isomerization to the cis-bisphosphine four-coordinate 
complex followed by reductive elimination (Scheme 1.19).70 The additional steric bulk imparted 
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by the ortho-methyl groups of the P(o-tolyl)3 ligand results in the preferential formation of a 
three-coordinate monophosphine arylpalladium amido complex.  
 
 
Scheme 1.19 Reductive elimination of arylamines occurs from either a three-coordinate complex or from 
a four-coordinate complex, depending on the concentration of PPh3. 
 
Complexes ligated by DPPF were synthesized to model the cis- coordination geometry 
present at high concentrations of PPh3. The rate of reductive elimination was measured from a 
series of DPPF-ligated arylpalladium di(tolyl)amido complexes. Complexes containing electron-
withdrawing X substituents on the aryl ligand underwent reductive elimination at a faster rate 
than complexes containing electron-donating X substituents on the aryl ligand (Equation 1.15).70 
   
 
 
From the previous study, it is apparent that the amido ligand acts as a nucleophile, while 
the aryl ligand acts as an electrophile. According to this hypothesis, electron-donating 
substituents on the amido ligand should accelerate the C-N reductive elimination reaction. 
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Indeed, electron-donating substituents on the amido ligand were found to accelerate the rate of 
C-N reductive elimination by more than an order of magnitude (Table 1.08).14 
 
Table 1.08 Reductive elimination from arylpalladium amido complexes occurs more rapidly for 
complexes with electron-donating substituents on the amido ligand. 
 
R kobs (104 s-1) 
-H 2.94 
-Me 12.8 
-OMe 37.7 
 
 
The C-N reductive elimination reaction was also studied for a series of complexes with 
electron-donating and electron-withdrawing substituents on the bisphosphine ligand. Generally, 
electron-withdrawing ligands accelerated the reductive elimination due to the ability to stabilize 
the reduced metal fragment. Consistent with this general trend, complexes with ligands 
containing electron-withdrawing substituents on the aryl rings of the bisphosphine ligand 
accelerated the rate of reductive elimination of the diarylamine product relative to complexes 
with ligands containing electron-donating substituents (Table 1.09).14 
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Table 1.09 Reductive elimination from arylpalladium amido complexes occurs more rapidly for electron-
deficient ancillary ligands. 
 
Ar kobs (104 s-1) 
 
4.16 
             
12.8 
 
27.0 
 
 
The groups of Chan and Lam demonstrated that a copper catalyst can couple amines and 
arylboronic acids. The initial report by Chan et al. detailed the reaction between an amine, 
amide, imide, urea, carbamate or sulfonamide with an arylboronic acid at room temperature 
(Equation 1.16). Long reaction times of 24-72 hours as well as stoichiometric quantities of 
copper acetate were required.71 The scope of the C-N Chan-Lam coupling has since expanded to 
include N-H-containing heterocyclic compounds and nucleobases. 
 
 
 
Stahl et al. examined the reaction between an arylcopper(III) species and amine 
nucleophiles (Equation 1.17).72 Surprisingly, nucleophiles with a more acidic N-H bond reacted 
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more rapidly with the arylcopper species than nucleophiles with a more basic N-H. This 
observation indicates that the amine undergoes deprotonation before or during the rate-
determining step.  
 
 
 
Formation of a C(sp2)-P bond by reductive elimination has been observed from metal 
phosphonate and phosphide complexes. The rate of reductive elimination to form a C(sp2)-P or 
C(sp2)-P(O) bond from arylpalladium complexes was found to differ depending on the 
substituents on the aryl ligand. Glueck et al. observed that reductive elimination from a 
bisphosphine arylpalladium phosphide complex occurred rapidly when the aryl ligand contained 
a para-NO2 substituent (Equation 1.18).73 In contrast, Stockland et al. observed that reductive 
elimination from a bisphosphine arylpalladium phosphonate complex occurred more slowly 
when the aryl ligand contained a para-NO2 substituent (Equation 1.19).74 For the arylpalladium 
phosphide complex, the phosphide ligand is proposed to attack the electrophilic ipso carbon of 
the aryl ligand, and the electron-withdrawing nitro substituent on the aryl ligand increases the 
electrophilicity of the ipso carbon. For an arylpalladium phosphonate complex, the phosphorous 
lone pair is not accessible, so the aryl ligand acts as a nucleophile rather than as an electrophile. 
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PP
Pd
X
P
iPr
iPr
iPr
Me
X
Me
P
iPr
iPr iPr
Fast for X = NO2
Eq. 1.18
P
Ph2
Pd
Ph2
P
P
X
OEt
OEt
O
P
O
OEt
OEt
X
Slow for X = NO2
Eq. 1.19
 
 
Another reaction to form a C(sp2)-P(O) bond was the palladium-catalyzed phosphination 
of aryl bromides (Ar’Br) with triarylphosphines (PAr3) to generate new triarylphosphines of the 
general structure P(Ar)2Ar’.75 The reaction to form new triarylphosphines was studied by the 
groups of Novak76 and Grushin.77 Palladium complexes with an iodo ligand were found to be 
more susceptible to aryl-aryl exchange reactions than complexes containing a bromo or chloro 
ligand. In addition, when the reaction was conducted in a chlorinated solvent or in the presence 
of [NBu4][PF6] the aryl-aryl exchange reaction was faster than reactions conducted in a non-
chlorinated solvent. Reactions of (PPh3)2Pd(Ar)(X) complexes supported the mechanistic 
proposal involving C-P reductive elimination to form a tetraarylphosphonium-palladium halide 
salt, followed by C-P oxidative addition to afford the new triarylphosphine (Scheme 1.20). 
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 Scheme 1.20 Proposed mechanism for aryl-aryl exchange reactions to form new triarylphosphines. 
 
From the selected examples of C(sp2)-pnictogen reductive elimination it is apparent that 
this reaction occurs from metal complexes of various oxidation states. The catalytic reactions 
described above demonstrate that the field of cross-coupling to form C(sp2)-pnictogen, and C-N 
bonds in particular, is well developed for a variety of coupling partners. The mechanism of 
reductive elimination from palladium complexes is generally well understood, but the 
mechanism for reductive elimination from copper species is still under investigation. 
 
1.4.6 C(sp3)-Pnictogen Reductive Elimination Reactions 
In comparison to the numerous examples of C(sp2)-pnictogen reductive elimination 
outlined in Section 1.4.5, relatively few C(sp3)-pnictogen reductive elimination reactions have 
been observed. Reactions to form C(sp3)-pnictogen bonds are less common in part because the 
alkylmetal complexes are prone to β-hydride elimination. The few examples of C(sp3)-N 
reductive elimination from isolated complexes are discussed in Chapters 2 and 4.   
 An example of C(sp3)-P reductive elimination is the palladium-catalyzed 
hydrophosphorylation of alkenes. Tanaka et al. proposed the intermediacy of an alkylpalladium 
phosphoryl complex undergoing rate-determining C(sp3)-P(O) reductive elimination.78 Stockland 
et al. isolated an alkylpalladium phosphoryl complex to study the reductive elimination reaction, 
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but thermolysis of (bpy)Pd(P(O)(OPh)2)(Me) did not form the desired Me-P(O)(OPh)2.79 The 
addition of weakly coordinating phosphine donors, such as PPh3, resulted in the formation of a 
new adduct that formed the C(sp3)-P(O) bond (Scheme 1.21). It is unclear at this time whether 
reductive elimination occurs from a five-coordinate intermediate formed in the presence of PPh3 
or whether the phosphine displaces one arm of the bipyridine ligand. 
 
 
Scheme 1.21 Reductive elimination to form a methyl-P(O) bond occurs from a palladium phosphoryl 
complex in the presence of PPh3. 
 
From the selected examples of C(sp3)-pnictogen reductive elimination it is apparent that 
this reaction is considerably less common than C(sp2)-pnictogen reductive elimination. A few 
catalytic reactions invoke C(sp3)-pnictogen reductive elimination, but reductive elimination from 
isolated complexes is uncommon. The mechanism for the C-pnictogen bond-forming reaction 
has been observed to occur by an ionic or a concerted mechanism. 
 
1.4.7 C-Calcogen Reductive Elimination Reactions 
Compounds containing the ether functionality have found wide and varied applications 
ranging from solvents, to perfumes, and polymers.80 Compounds containing sulfur, selenium and 
heavier chalcogens may be employed as conducting organic materials but are generally of 
limited utility due to their malodorous nature and oxygen sensitivity. 
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1.4.8 C(sp2)-Calcogen Reductive Elimination Reactions 
Over a century ago Ullmann discovered that the O-arylation of aryl halides to form diaryl 
ethers was catalyzed by copper metal.81 Ullmann’s first report focused on the arylation of phenol 
with ortho-chlorobenzoic acid in the presence of copper metal as a catalyst (Equation 1.20).  
 
 
 
The initial Ullmann reaction suffered from several drawbacks that limit the application of 
this methodology for the synthesis of more complex molecules. First, stoichiometric or greater 
quantities of copper metal were required. Second, the reaction was conducted in polar solvents, 
such as neat phenol or DMF, at high reaction temperatures (125-220 oC). Finally, low yields of 
the ether product were observed for reactions with unactivated aryl halide substrates.82 Despite 
these shortcomings, one major advantage of the Ullmann reaction is that copper salts, as well as 
elemental copper, can serve as active copper pre-catalysts.  
The addition of ligands to the Ullmann cross-coupling reaction improved the catalyst 
activity, allowing the reaction temperature to be lowered. Comdom et al. reported improved 
conditions for the Ullmann reaction by employing a water-pyridine mixture as the solvent, and 
the yield was further improved by irradiating the reaction mixture with ultrasound.83 Buchwald 
and co-workers improved the Ullmann reaction conditions by the addition of ethyl acetate, 
allowing the addition of a catalytic quantity of a copper(I) salt (Equation 1.21).84 The O-arylation 
reaction was conducted in the non-polar solvent toluene at 110 oC, which differs greatly from the 
42 
 
high temperatures and polar solvents required in the classic Ullmann reaction. Buchwald 
observed that the addition of 1-naphthoic acid greatly improved the yield of the O-arylation 
product for less reactive phenols. However, only aryl iodides and bromides served as competent 
coupling partners.  
 
 
  
The mechanism of the Ullmann reaction has remained unclear since the first observation 
of O-arylation in 1904, but recently the Hartwig group has isolated copper complexes that are 
chemically and kinetically competent to be intermediates in the copper-catalyzed etherification 
reaction.85 The reaction between CuCl, NaOPh, and a ligand (L) results in the ionic 
[(L)2Cu][Cu(OPh)2] species. The ionic species is favored in polar solvents, such as DMSO, 
whereas (L)Cu(OPh) is favored in the less polar solvent THF. There are several potential 
pathways to generate diaryl ether products, either through radicals or direct oxidative addition. 
Allowing [N(Bu)4][Cu(OPh)2] to react with an aryl iodide afforded less than 10% yield of the 
ether product, but the same reaction conducted with added phenanthroline afforded the ether 
product in 86% yield. This result indicates that the reaction to form the aryl ether occurs from the 
(L)Cu(OPh) complex, rather than the [(L)2Cu][Cu(OPh)2] species (Scheme 1.22). 
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 Scheme 1.22 Copper-catalyzed etherification occurs from a (L)Cu(OPh) complex. 
 
The presence of aryl radicals was tested by allowing o-(allyloxy)iodobenzene to react 
with [(phen)2Cu][Cu(OAr)2] at 110 oC in DMSO.  The substrate o-(allyloxy)iodobenzene serves 
as a radical clock, and the radical cyclization reaction is known to proceed with a rate constant of 
9.6×109 s-1 in DMSO. The organic products from the reaction were the diaryl ether and some 
arene from hydrodeiodination. None of the radical cyclization product was observed (Equation 
1.22). The absence of the cyclized product ruled out the intermediacy of aryl radicals or electron 
transfer pathways. Rather, the reaction proceeds by oxidative addition of the aryl halide to the 
(L)Cu(OPh) complex to afford a Cu(III) species that then undergoes reductive elimination. 
 
 
 
The groups of Chan, Lam, and Evans have developed a copper-mediated reaction 
between phenols and arylboronic acids. The initial report by Chan et al. detailed the reaction 
between a phenol and an electron-rich arylboronic acid at room temperature over 24-48 hours 
(Equation 1.23). The reaction required stoichiometric quantities of copper acetate as a catalyst.71 
44 
 
Later Chan, Lam and co-workers reported that the addition of oxygen as a co-oxidant allowed for 
a decrease in the amount of copper catalyst to 10-20 mol%.86 
 
 
 
Stahl et al. conducted studies that revealed that the aerobic O-arylation reaction was first 
order in Cu(OAc)2, zero order in O2, and exhibited saturation dependence in ArB(OMe)2.87 
Taken together these data reveal that the re-oxidation of Cu(I) by O2 is fast relative to reactions 
with the substrate, and that the transmetalation of the aryl ligand from boron to copper is the 
turnover limiting step. The formation of the C-O bond occurs after the turnover limiting step, and 
cannot be probed directly, but is proposed to occur after oxidation of an aryl-copper(II) species 
to an aryl-copper(III) species. The overall catalytic cycle involving one and two electron transfer 
steps is shown in Scheme 1.23. 
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CuIIX2
[CuIIX2 ArB(OMe)2]CuIX
CuIII(Ar)X CuII(Ar)X
(HO)B(OMe)2 + CuIIX2
1/2 O2 + HX + XB(OMe)2 + CuIX
MeOH
Ar-OMe + HX
CuIX CuIIX2
XB(OMe)2
ArB(OMe)2
 
Scheme 1.23 Catalytic cycle proposed for the Chan-Lam copper-catalyzed etherification of arylboronic 
acids. 
 
The groups of Buchwald and Hartwig have reported the palladium-catalyzed O-arylation 
of primary and secondary alcohols.88, 89 An isolated aryl-alkoxo metallacyclic complex 
underwent reductive elimination to form a benzopyran derivative (Equation 1.24). Complexes 
with electron-withdrawing substituents on the aryl ligand underwent reductive elimination more 
rapidly than complexes with electron-donating substituents on the aryl ligand. The original 
mechanistic proposal involved inner-sphere attack of the alkoxide onto the ipso carbon of the 
aryl ligand.90 However, subsequent studies indicate that the reaction occurs by a concerted 
reductive elimination mechanism, as proposed for C(sp2)-N reductive elimination, with the aryl 
ligand acting as an electrophile and the alkoxide acting as a nucleophile.   
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A report from the Hartwig laboratory demonstrated that reductive elimination of aryl 
ethers from arylpalladium tert-butoxide complexes was possible only if the aryl ligand contained 
an electron-withdrawing formyl substituent. Aryl ligands with a tert-butyl substituent in the 
para- position resulted in only the formation of free arene and biaryl (Scheme 1.24).91 
 
 
Scheme 1.24 Reductive elimination of a tBu ether occurs for complexes with electron-withdrawing 
substituents on the aryl ligand. 
 
Hartwig et al. reported the catalytic and stoichiometric reductive elimination of diaryl 
ethers from arylpalladium aryloxide complexes. Thermolysis of (DtBPF)Pd(Ph)(O-C6H4-p-OMe) 
did not result in formation of the diaryl ether product, and analysis of the reaction mixture 
indicated that the ancillary phosphine ligand was converted to P(Ph)tBu2 and FcP(tBu)2 (Scheme 
1.25).92 The O-arylation of aryl halides proceeded in high yield for a catalyst comprised of 
Pd(dba)2 and FcP(tBu)2.  In a subsequent study, it was found that the steric bulk of the ancillary 
ligand, rather than the electron-donating ability of the ancillary ligand, exhibited a greater 
influence on the rate of reductive elimination.93   
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 Scheme 1.25 Ligand decomposition during the attempted C-O reductive elimination yielded a more 
active ligand for etherification. 
 
Reductive elimination of C(sp2)-O bonds has also been reported to occur from Pd(IV) 
complexes, and the C-O bond-forming step is implicated in arene oxygenation reactions. The 
Sanford group has isolated palladium(IV) complexes with two cyclometalated 2-phenylpyridine 
ligands and two benzoate ligands (Equation 1.25).94 Two kinetically indistinguishable 
mechanisms were postulated for the C-O reductive elimination process; either direct reductive 
elimination from the six-coordinate complex, or dissociation of one of the pyridyl arms to form a 
five-coordinate complex.94  
 
 
 
However, in a subsequent publication, the Sanford group favored a mechanism involving 
dissociation of the carboxylate ligand, followed by reductive elimination involving the remaining 
ligated acetate ligand from a five-coordinate complex.95 The acetate ligand trans to the aryl ring 
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of the cyclometalated phenylpyridine ligand was found to be labile under conditions much 
milder than the conditions required for the reductive elimination. Incorporation of a deuterium-
labeled acetate ligand provided conclusive evidence for the formation of the C-O reductive 
elimination product from the non-labile acetate ligand (Equation 1.26). 
 
 
 
Both Chan-Lam and Buchwald-Hartwig cross-coupling reactions have been applied to 
the formation of the C-S bond of arylthioethers. Guy et al. applied the Chan-Lam copper-
mediated coupling of arylboronic acids with aryl or alkylthiols to prepare thioether products 
(Equation 1.27). Exclusion of oxygen was necessary to prevent formation of thiane as a 
byproduct of the coupling reaction. The copper-mediated reaction was unaffected by strong 
electron-donating or electron-withdrawing substituents on the arylboronic acid electrophile.96 
Further procedures detailed by Leibeskind et al. demonstrated that N-thioimides are suitable 
coupling partners for the formation of thioethers in the presence of 20-30 mol% of a copper 
catalyst.97  
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Migata et al. was the first to report palladium-catalyzed thioetherification using aryl or 
alkylthiols with aryl iodides or bromides.98, 99 Hartwig and co-workers have further developed 
the catalytic cross-coupling of aryl halides with thiols, and the groups has studied the C-S 
reductive elimination from isolated complexes.8, 69, 100-103 Hartwig et al. found that aryl chlorides, 
unreactive under the original conditions, were successfully converted to the thioether product by 
the addition of an electron-donating bisphosphine ligand (Equation 1.28).100, 101 Subsequent 
mechanistic studies of the reaction between aryl chlorides and thiols revealed that each step of 
the catalytic cycle occurs rapidly at room temperature, whereas the overall catalytic reaction 
requires heating at 100 oC.102 The explanation for this counter-intuitive result is that the catalyst 
resting state lies off the catalytic cycle, and the structure of the resting state depends on the 
source of the palladium pre-catalyst. 
 
 
 
Isolated DPPE ligated arylpalladium thiolate complexes underwent reductive elimination 
more rapidly for complexes containing electron-withdrawing substituents (R) on the aryl 
ligand.103 However, more electron-donating substituents (R’) on the arenethiolate ligand 
promoted the C-S reductive elimination step (Equation 1.29).8 The mechanism for the C-S 
reductive elimination process is proposed to occur directly from the four-coordinate complex, 
rather than by association of a fifth ligand, oxidation to Pd(IV), or by formation of a thiyl radical. 
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The thiolate ligand acts as a nucleophile and the ipso carbon of the aryl ligand acts as an 
electrophile during the concerted reductive elimination reaction.  
 
 
 
Finally, Wang et al. applied the aerobic Chan-Lam cross-coupling conditions to the 
preparation of diarylselenide and telluride compounds. The diselenide or ditelluride compounds 
were arylated with an arylboronic acid in the presence of a copper catalyst and air (Equation 
1.30).104  
 
 
 
From the selected examples of C(sp2)-chalcogen reductive elimination it is apparent that 
this reaction occurs from metal complexes in various oxidation states. The catalytic reactions 
described above demonstrate that cross-coupling to form C(sp2)-chalcogen, and C-O bonds in 
particular, is a well-developed field utilizing a variety of coupling partners and a wide scope in 
the nucelophile. The mechanism of reductive elimination from palladium complexes is generally 
well understood, but the mechanism for reductive elimination from copper species is still under 
investigation. 
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1.4.9 C(sp3)-Chalcogen Reductive Elimination Reactions 
Compared to the numerous examples of C(sp2)-chalcogen reductive elimination 
described above, relatively few C(sp3)-chalcogen reductive elimination reactions have been 
observed. The lack of C(sp3)-chalcogen reductive elimination reactions is due in part to the 
instability of alkylmetal complexes toward β-hydride elimination. The few examples of C(sp3)-O 
reductive elimination from isolated complexes will be discussed in Chapter 3.    
As discussed in Section 1.2.2, the rate of reductive elimination generally deceases as the 
p-orbital character of the hyrocarbyl ligand increases. Reductive elimination of the C-S bond was 
observed to occur considerably more slowly when the reaction involved coupling of a methyl 
ligand than when it involved coupling of a phenyl or alkenyl ligand (Table 1.10).8  
 
Table 1.10 Reductive elimination of alkylthiols occurs from palladium thiolate complexes.  
 
R Temp (oC) t1/2 (min) 
Me 95 580 
Ph 50 48 
 
50 17 
 
 
Even fewer studies have focused on C(sp3)-Se reductive elimination reactions from 
isolated complexes.105, 106 Thus far, the mechanism of the C-Se reductive elimination reaction 
from high-valent complexes remains unknown. Although by analogy to Pt(IV) aryloxide 
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complexes, the mechanism of C-Se bond formation involves an ionic mechanism (Equation 
1.31). 
 
 
 
From the selected examples of C(sp3)-chalcogen reductive elimination it is apparent that 
this reaction is considerably less common than C(sp2)-chalcogen reductive elimination reactions. 
Reductive elimination to form a C(sp3)-chalcogen bond has been proposed in several catalytic 
reactions, but few isolated complexes have been shown to perform this reaction. Ether a stepwise 
ionic mechanism or a concerted mechanism is proposed for reductive elimination of a C-
chalcogen bond. 
 
1.5 Summary and objectives 
Considerable effort has focused on identifying factors that affect the relative rate of 
reductive elimination, because this elementary reaction is the product release step of many 
catalytic cycles. From the above survey of carbon-heteroatom bond-forming reductive 
elimination reactions, it is clear that C(sp3)-heteroatom bond-forming reactions are considerably 
less common than C(sp2)-heteroatom bond-forming reactions. The majority of C(sp3)-heteroatom 
reductive elimination reactions occur from high-valent metal complexes. 
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This dissertation will focus on the reductive elimination of C(sp3)-N and C(sp3)-O bonds 
from Pd(II) complexes. To study this type of reductive elimination reaction, model complexes 
containing a benzyl or alkyl hydrocarbyl ligand were synthesized. The scope of C(sp3)-
heteroatom reductive elimination was expanded to encompass other hydrocarbyl ligands 
including methyl, neopentyl, and norbornyl. The reductive elimination reactions presented in this 
dissertation provide experimental insight into the mechanism of reductive elimination to form 
C(sp3)-heteroatom bonds, and the differences between C-N and C-O reductive elimination 
reactions. Furthermore, significant differences exist in the overall C(sp3)-heteroatom bond-
forming reductive elimination depending on the nature of the hydrocarbyl ligand. The following 
chapters discuss the difference in reactivity of amido and aryloxide complexes, and the 
difference in reactivity of benzyl and alkyl complexes. 
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Chapter 2: C(sp3)-N Bond-Forming Reductive Elimination of Amines. Reactions of 
Bisphosphine-Ligated Benzylpalladium(II) Diarylamido Complexes* 
______________________________________________________________________________ 
 
2.1 Introduction  
Traditionally alkylamines are prepared by one of three possible reactions: nucleophilic 
alkylation, hydroformylation and reductive amination, or hydrocyanation of an olefin and 
reduction of the corresponding nitrile (Equations 2.01-2.03).1 The alkylation of an amine by an 
alkyl halide substrate is suitable for some laboratory-scale syntheses, but processing the halide 
waste on an industrial scale is not economically viable. Instead, hydroformylation-reductive 
amination and hydrocyanation-reduction are the industrially practiced routes to alkylamines. 
However, hydroformylation and hydrocyanation reactions are generally not feasible on a 
laboratory scale due to the high pressure of CO in the first reaction, and the toxicity of HCN in 
the second reaction. Additionally, the latter two processes involve the addition of a carbon atom 
to the alkyl chain. For many applications, the number of carbons on the alkyl chain can influence 
the properties of the product. The even-carbon-numbered olefin is more synthetically accessible 
than the odd-carbon-numbered olefin that would be required to yield an amine of even-carbon-
numbered chain length.  
                                                            
* Part of this chapter was previously published as S. L. Marquard, D. C. Rosenfeld, J. F. Hartwig, Angew. 
Chem. Int. Ed. 2010, 49, 793. 
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R X + HNRR'
Base R NRR'
R
cat.
CO R
cat.
NH3, H2
R NH2O
cat= Ni, Co, Fe
R
HCN
Rcat.
CN cat.
H2
R NH2
cat. = Pd, Ni cat. = Pd, Ni, Co, Rh
Eq. 2.01
Eq. 2.02
Eq. 2.03
 
 
One possible solution to this problem is to convert the olefin directly to an alkylamine 
without the intervening aldehyde or nitrile intermediates by a process called hydroamination.  
One of the major issues with current hydroamination methods is the balance between linear, 
“anti-Markovnikov”, and internal, “Markovnikov”, products (Equation 2.04).2, 3 The linear 
product is more industrially desirable, whereas modern hydroamination methods yield the 
internal product. The development of a catalyst to provide the linear product was listed as one of 
the “Top Ten Challenges” in 1993, and still remains an unsolved problem.4  
 
 
 
Developing a catalytic process to generate the linear amine product appears 
straightforward; however, there are significant gaps in the chemical understanding of the needed 
fundamental bond-forming reaction. The first step of a proposed catalytic cycle shown in 
Scheme 2.01 involves N-H activation to afford a hydridometal amido complex. Next, an olefin 
inserts into the M-H bond to generate an alkylmetal amido complex. Finally, reductive 
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elimination forms the alkylamine product and reforms the reduced metal species. In this 
proposed catalytic cycle the C-N reductive elimination reaction is the least precedented reaction 
because of the propensity of alkylmetal complexes to undergo unproductive β-hydride 
elimination. 
 
 
Scheme 2.01 Proposed catalytic cycle for “anti-Markovnikov” hydroamination. 
 
Reactions that form an alkyl C-N bond from an isolated alkylmetal amido complex are 
uncommon. Hillhouse et al. reported the formation of indoline, and aziridine derivatives from 
Ni(II) complexes.5, 6 Conducting a reaction of the Ni(II) complex with an oxidant, such as 
ferrocenium or iodine, affords a Ni(III) complex prior to reductive elimination. The in-situ-
generated Ni(III) complex underwent reductive elimination in higher yield than without the 
reaction conducted in the absence of an oxidant. Thermolysis of the Ni(II) complex without the 
addition of an oxidant did not afford the C-N reductive elimination product in good yield 
(Scheme 2.02).  
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 Scheme 2.02 Reductive elimination from Ni(III) and Ni(II) complexes. 
 
The mechanism of the C-N reductive elimination reaction was studied by allowing 
“bpyNi(0)” to react with a chiral non-racemic aziridine.5 Nucleophilic attack by Ni(0) opens the 
aziridine ring to yield an azametallacyclobutane nickel complex. Allowing the 
azametallacyclobutane complex to react with oxygen resulted in the formation of a Ni(III) 
complex, and subsequent reductive elimination of the C(sp3)-N bond (Scheme 2.03). The starting 
aziridine and the final aziridine product have the same stereochemical configuration. A double-
inversion or double-retention process will afford the aziridine product with the same 
stereochemical configuration as the starting aziridine.  X-ray crystallography of an 
azametallacyclobutane complex demonstrated that oxidative addition of an aziridine derivative 
occurred with inversion of configuration, implicating a mechanism proceeding by double-
inversion.  
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 Scheme 2.03 Reductive elimination of a C(sp3)-N bond from a nickel complex resulting in inversion of 
configuration. 
 
Goldberg et al. studied C(sp3)-N reductive elimination from methylplatinum(IV)-
sulfonamide complexes and, after detailed mechanistic analysis, proposed an ionic mechanism 
for the reductive elimination reaction.7 The proposed mechanism occurs by reversible 
dissociation of the sulfonamide ligand to form a cationic trimethylplatinum(IV) complex. In a 
second step the dissociated sulfonamide anion attacks a coordinated methyl ligand to form a 
Pt(II) complex and the C(sp3)-N bond of methyl-sulfonamide (Scheme 2.04).  
 
P
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Me
Me
Me
Ph2
Ph2
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Pt
Me
Me
Ph2
Ph2
+
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Me
Me
Ph2
Ph2
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Scheme 2.04 Reductive elimination of methyl-sulfonamide from a Pt(IV) complex. 
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The formation of a C(sp3)-N bond from a low-valent complex has also been observed or 
proposed in some catalytic cycles. Hartwig et al. studied the hydroamination of vinylarenes with 
anilines and observed that the reaction between an η3-benzyl palladium complex and aniline 
resulted in the formation of the benzylamine product.8-10  The stereochemical outcome of the 
vinylarene hydroamination reaction indicates that the C-N bond-forming reaction occurs by 
nucleophilic attack onto the meso carbon atom of an η3-benzyl palladium complex, rather than 
attack at palladium followed by reductive elimination (Scheme 2.05).11 
 
 
Scheme 2.05 Reaction of an η3-benzyl palladium complex with an external nucleophile. 
 
The groups of Lautens and Catellani observed the palladium-catalyzed formation of a 
norbornyl indoline product from the reaction of an ortho-iodo-acetanilide and norbornene.12, 13 
The proposed catalytic cycle starts by oxidative addition of an ortho-iodo-acetanilide to a low-
valent palladium complex. Next, norbornene inserts into the aryl-palladium bond, and an 
external base deprotonates the acidic acetanilide N-H bond. Finally, reductive elimination occurs 
to form the C-N bond of the norbornyl indoline product (Scheme 2.06). Due to geometric 
constraints, the C-N reductive elimination reaction is likely required to occur by a concerted 
mechanism, rather than an SN2 reaction, although further studies to isolate the metallacyclic 
complexes have not been performed. 
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 Scheme 2.06 Proposed catalytic cycle for the formation of a norbornyl indoline product by a palladium 
catalyst. 
 
Although reductive elimination to form a C(sp3)-N bond from a Pd(II) complex is the 
proposed product release step in the catalytic cycle in Scheme 2.06, isolated neopentylpalladium 
amino complexes do not undergo C(sp3)-N reductive elimination.14, 15 Rather, neopentane and 
free morpholine were observed from heating the in-situ-generated amido complex (Equation 
2.05). 
 
 
  
Despite the prevalence of C(sp2)-N reductive elimination reactions, C(sp3)-N reductive 
elimination reactions remain considerably less common. Reductive elimination of a C(sp3)-N 
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bond has been proposed in some catalytic reactions but has not been observed from isolated 
complexes. Thus far, only high-valent Pt(IV) or Ni(III) complexes have been demonstrated to 
undergo C(sp3)-N reductive elimination.  
The reductive elimination reactions presented in this chapter provide experimental insight 
into the mechanism of reductive elimination to form C(sp3)-N bonds of benzylamines. We show 
that reductive elimination of a C(sp3)-N bond from benzylpalladium(II) amido complexes occurs 
by an ionic mechanism.  The proposed ionic mechanism is more akin to the reductive elimination 
reactions from high-valent metal complexes than from other Pd(II) complexes.  
 
2.2 Results and Discussion 
The design of a suitable system to study the fundamental C(sp3)-N bond-forming reaction 
from isolated complexes requires several features. First, a bisphosphine ligand was chosen to 
enforce the cis configuration of the alkyl and amido ligands. The cis geometry is required for 
reductive elimination to occur from arylpalladium amido complexes and dialkylpalladium 
complexes. Second, a benzyl group was chosen to avoid unwanted decomposition by β-hydride 
elimination. Third, a diarylamido ligand was chosen because the corresponding aniline and aryl 
halide precursors are readily available, and the cross-coupling chemistry to synthesize 
diarylamines has been well established. 
 A ligand screen was conducted to identify a suitable bidentate ligand for the reductive 
elimination reaction from in-situ-generated benzylpalladium amido complexes (Table 2.01). It 
was found that DPPF provided a high yield of the benzyl amine product for amido ligands with 
electron-donating and electron-withdrawing substituents. Additionally, the DPPF-ligated 
complexes were found to be more stable than the Xantphos-ligated complexes, allowing isolation 
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of the DPPF-ligated complexes. These data demonstrate that reductive elimination to form 
benzylamines is possible, and that the reductive elimination process can occur from low-valent 
Pd(II) complexes without the addition of an oxidant.  
 
Table 2.01 Identification of suitable ligands for C(sp3)-N reductive elimination.  
 
Ligand (L) Ar = 3,5-CF3-C6H3 Ar = Ph 
BINAP 86 38 
DPEPhos 90 36 
DPPF 96 78 
Josiphos 59 70 
 
 
Treating (COD)PdCl2 with benzyl Grignard afforded (COD)Pd(Bn)Cl in high yield. In a 
separate step (COD)Pd(Bn)Cl was allowed to react with DPPF to displace the coordinated COD 
ligand, and subsequent addition of KNAr2 afforded the desired amido complex. Complexes 
containing a mesitylmethyl and naphthylmethyl ligand in lieu of the benzyl ligand were prepared 
by a slightly different manner. First, (Cp)Pd-(η3-allyl) was treated with DPPF, then the benzyl 
bromide derivative was added to the reaction mixture. After mixing, the (DPPF)Pd(benzyl’)Br 
complex precipitated out of solution and was filtered and dried. The bromide complex was then 
treated with KNAr2 to afford the desired amido complex (Scheme 2.07).  The route starting from 
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(Cp)Pd-(η3-allyl) was chosen due to the susceptibility of mesitylmethylbromide to undergo 
Wurtz coupling to form the bibenzyl product during the attempted preparation of the 
mesitylmethyl Grignard reagent. Detailed characterization of each complex, including 1H, 
13C{1H}, 19F{1H}, 31P{1H} NMR spectroscopic data and elemental analysis, is presented in the 
experimental section. 
 
 
Scheme 2.07 The synthesis of benzylpalladium amido complexes. 
 
To assess the ability of complexes 2.01-2.11 to undergo reductive elimination, benzene-
d6 solutions of these complexes were heated at 75 oC. The thermolysis reactions were conducted 
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with added DPPF to trap the Pd(0) product. As shown in Table 2.02, benzyl complexes 2.01-2.07 
and naphthylmethyl complex 2.08 underwent reductive elimination in high yield. The 
mesitylmethyl complex 2.09 also underwent reductive elimination, in this case to form a mixture 
of the mesitylmethyldiarylamine (25%) and the 2,3,5-trimethylbenzyl-diarylamine (26%) and 
free diarylamine (46%). We presume the 2,3,5-trimethylbenzyl-diarylamine product forms by 
rearrangement of the hindered mesitylmethyl complex to the less hindered 2,3,5-trimethylbenzyl 
species during the reductive elimination process. No isomerization of the starting diarylamido 
complex was observed during the reaction. 
In contrast, the less hindered anilido complex 2.10 and the methyl complex 2.11 did not 
form products of reductive elimination at 75 oC. Free H2N(p-tolyl) and bibenzyl formed from the 
thermolysis of anilido  complex 2.10, as determined by GC/MS, and HN(p-tolyl)2 formed from 
heating the methyl complex 2.11. The source of the protons and electrons in these reactions 
remains unknown. 
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Table 2.02 Formation of benzyl amines by reductive elimination from palladium complexes. 
 
complex R1 R2,R3 Yield
a 
(%) kobs (10
4 s-1)b 
2.01 Ph 4-OMe-C6H4 62c 3.5c 
2.02 Ph 4-CH3-C6H4 83   1.6d 
2.03 Ph Ph 88 1.6 
2.04 Ph 4-Cl-C6H4 87 2.7 
2.05 Ph 4-CF3-C6H4 93e 1.5 
2.06 Ph 3,5-CF3-C6H3 83 < 0.083 
2.07 Ph 3,5-CH3-C6H3 63 1.2 
2.08 Naphthyl 3,5-CF3-C6H3 83 >11 
2.09 Mesityl 3,5-CF3-C6H3 25f 9.6g 
2.10 Ph H, 4-CH3-C6H4 0 - 
2.11 H 4-CH3-C6H4 0 - 
a Yields were determined by 1H NMR spectroscopy, relative to trimethoxybenzene as 
an internal standard on reactions conducted in benzene-d6 at 75 oC, unless otherwise 
noted. b Reactions to determine rate constants were conducted at 55 oC, unless 
otherwise noted. c Conducted at 55 oC in THF-d8. d This reaction conducted in THF-
d8 at 55 oC occurred with a kobs of 1.8×10-4 s-1. e Conducted at 55 °C. f 26% of 2,3,5-
trimethylbenzyl-diarylamine was also formed. g Conducted at 30 oC. 
 
The C(sp3)-N bond-forming reductive elimination could occur by one of three possible 
reaction mechanisms (Scheme 2.08). First, a concerted reductive elimination reaction was 
considered based on previous examples of coupling two alkyl ligands from Pd(II),16, 17 and the 
mechanism of Buchwald-Hartwig cross-coupling to form a C(sp2)-N bond from Pd(II).18 Second, 
a radical pathway was considered because aminyl radicals have been observed, and the aminyl 
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radical would be stabilized by the aryl groups of a diarylamine.19, 20 Additionally Ni(II) reactions 
have been demonstrated to form C(sp3)-N bonds by oxidation to Ni(III) and potential homolysis 
of the Ni-N bond during the C-N bond-forming step.5 The third possible reaction mechanism is 
one proceeding through ionic intermediates; this reaction manifold has been shown to occur for 
methylplatinum(IV) sulfonamide complexes.7  
 
 
Scheme 2.08 Three possible C(sp3)-N reductive elimination pathways. 
 
Reductive elimination could also occur by the in situ formation of a dimeric intermediate 
in which the amido ligand of one complex attacks the benzyl ligand of a second complex. The 
reaction would be second order in palladium complex if the C-N bond is formed by an in-situ-
generated dimeric palladium complex. However, the reaction would be first order in palladium 
complex if the C-N bond is formed by a monomeric complex. The reaction order in palladium 
complex was determined by measuring the rate of disappearance of complex 2.02 at two 
different concentrations. A concentration-versus-time plot of complex 2.02 for the two reactions 
conducted at 75 oC is shown in Figure 2.01. Fitting an exponential decay to the data provided 
rate constants of 9.4×10-4 s-1 for an 11 mM solution (○) and 8.9×10-4 s-1 for a 27 mM solution 
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(□). The difference in the rate constants for these two experiments is less than the experimental 
error, indicating that reductive elimination occurs from a monomeric complex.  
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Figure 2.01 First-order disappearance of complex 2.02 indicates reductive elimination from a monomeric 
complex. 
 
The effect of electron-donating and electron-withdrawing substituents on the amido 
ligand can assist in distinguishing between the three possible mechanisms. The rate constants for 
reactions of the various amido complexes are tabulated in Table 2.02. Reductive elimination 
from complex 2.05 containing an electron-withdrawing p-CF3 group was slower than that from 
the ditolylamido complex 2.02, and reductive elimination from complex 2.01 containing an 
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electron-donating p-OMe group was faster than that from complex 2.02, although the difference 
in rates was not large. Complex 2.02 and diphenylamido complex 2.03 reacted at identical rates. 
The p-chloroamido complex reacted somewhat faster than the ditolylamido complex 2.02, 
perhaps reflecting an importance of π-donation from the aryl groups. From this assessment, the 
rate of reductive elimination is moderately influenced by the electronic properties of the amido 
group, and to the extent that these properties influence the rate, the complexes containing the 
more electron-rich amido groups react faster.  
The substitution pattern of the amido group also had a substantial influence on the rate of 
reductive elimination. Amido complexes containing substituents at the 3- and 5-positions of the 
amido aryl groups reacted more slowly than those containing a substituent at the 4-position. The 
di-m-xylylamido complex 2.07 underwent reductive elimination more slowly than di-p-
tolylamido complex 2.02, and complex 2.06 containing 3,5-trifluoromethyl substituents on the 
amido ligand underwent reductive elimination by far the most slowly.  
The observation that the complexes containing the more electron-rich amido group 
underwent reductive elimination more rapidly than those containing the less electron-rich amido 
groups with the same substitution pattern contrasts with the relative rates for reductive 
elimination of aryl methyl ethers from methylplatinum(IV) phenoxide complexes studied by 
Goldberg et al.21, 22 These electronic effects on the rate of the reaction make it surprising that the 
anilido complex 2.10 does not undergo reductive elimination. Apparently, the steric properties of 
the amido ligand have a large impact on the rate of reductive elimination.  
The effect of the benzyl group on the rate of reductive elimination was revealed by 
comparing reactions of complex 2.06 to those of the naphthylmethyl complex 2.08 and the more 
hindered mesitylmethyl complex 2.09.  The naphthylmethyl complex 2.08 and the mesitylmethyl 
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complex 2.09 reacted faster than the analogous benzyl complex 2.06. Reductive elimination from 
the naphthylmethyl complex 2.08 is expected to be faster for a mechanism proceeding through a 
π-benzyl structure. Nucleophilic attack on palladium π-benzyl complexes was studied previously, 
and it was found that nucleophilic attack is approximately 17 times faster for the case of π-
naphthylmethyl than for π-benzyl.10 In the case of the mesitymethyl complex 2.09, a faster 
reaction was expected for a mechanism involving a concerted reductive elimination due to the 
relief of steric hindrance during the reaction. A mechanism involving ionization was expected to 
be slower for complex 2.09 due to nucleophilic attack at a more sterically congested metal 
center. Based on the minimal electronic effect and the seemingly contradictory data provided by 
complexes 2.08 and 2.09, further evidence was necessary to establish the mechanism for these 
C(sp3)-N reductive elimination reactions. 
The effect of the solvent polarity is a common method to distinguish between reactions 
proceeding through ionic intermediates. Reactions that form ionic species will be favored by 
polar solvents and subsequently react with a faster rate constant, and reactions that do not form 
charged species during the course of the reaction are likely to react with the same rate constant 
regardless of the polarity of the solvent. Thermolysis of complex 2.02 in benzene-d6 and 
nitrobenzene-d5 resulted in a minor change in the rate constant for the reaction, with the reaction 
being about three times faster than in non-polar solvents (Table 2.03). In comparison, Pt(IV) 
sulfonamide complexes studied by Goldberg et al. were significantly affected by the polarity of 
the solvent.7 The C-N reductive elimination reaction from Pt(IV) sulfonamide complexes was 2 
orders of magnitude faster in nitrobenzene than in the less polar benzene solvent.7 From the lack 
of a solvent effect, the reaction either proceeds through a concerted mechanism or an ionic 
mechanism but is unaffected by the nature of the solvent.    
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Table 2.03 Reductive elimination was unperturbed by the polarity of the solvent. 
 
Solvent Dielectric Constant ()23 Yield (%) kobs (10
4 s-1)  
C6D6 2.3 83 1.6 
C6D5NO2 35 71 4.4 
 
 
 Another possible experiment to distinguish between a concerted and an ionic mechanism 
is a crossover experiment. Mixing of two complexes containing distinct benzyl and amido groups 
would result in two organic products if a concerted reductive elimination reaction occurs. If, 
however, four organic products are detected, a mechanism involving ionization of the amido 
ligand during the reaction and recombination with either cationic π-benzylpalladium complex 
likely predominates. Mixing the two amido complexes shows two distinct complexes in the 
31P{1H} NMR spectrum, shown in the upper spectrum in Figure 2.02. After mild heating at 55 
oC, four metal complexes were observed by 31P{1H} NMR spectroscopy, and a total of 30% of 
the four benzyl amine products were detected by GC/MS. The crossover of the starting 
complexes occurred faster than the reductive elimination reaction, shown in the lower spectrum 
in Figure 2.02. There are many possible mechanisms for the exchange reaction, including an 
associative process with bridging amido ligands, a proton-catalyzed process, or a dissociation of 
the amido ligand. From this experiment it was impossible to distinguish the mechanism of the 
reductive elimination reaction.  
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Figure 2.02 Crossover experiment between two benzylpalladium amido complexes is faster than 
reductive elimination. 
   
The addition of hydrogen-bond donor additives to Pt(IV) complexes has been shown to 
accelerate the rate of reductive elimination by 2 orders of magnitude.7 The proposed mode of 
action is that the free sulfonamide engages the coordinated sulfonamide in hydrogen bonding and 
stabilizes the dissociated sulfonamide anion. The addition of free diarylamine could prove useful 
as a probe for a concerted or an ionic mechanism. Thermolysis of solutions of complex 2.02 with 
various concentrations of HN(p-tolyl)2 indicates that there is little, if any, effect of the addition 
of hydrogen-bond donor additives on the rate of reductive elimination (Figure 2.03). The rate 
constant for reductive elimination from complex 2.02 was 11±1×10-4 s-1 for reactions conducted 
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with added di-p-tolyl-amine, the concentration of which ranged from 3.0×10-3 to 9.1×10-2 M. 
The mechanistic implications from these data are that the reaction proceeds by either a concerted 
process, or that the free diarylamine is too sterically encumbered to act as a suitable hydrogen-
bond donor additive to promote the dissociation of the diarylamido ligand. 
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Figure 2.03 Effect of hydrogen-bond donor additives on the rate of reductive elimination.  
 
The data presented thus far seem to indicate that either a concerted or an ionic process 
occurs to form the C(sp3)-N bond. To obtain more conclusive evidence for the operative 
mechanism, a deuterium labeling study was conducted. Changes in the configuration at a 
stereodefined benzylic carbon will distinguish between a concerted, ionic or radical pathway. A 
concerted reductive elimination would lead to retention of configuration; sequential dissociation 
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of the amide and backside attack on the benzyl group would lead to inversion of configuration; 
and reaction through a benzyl radical would lead to racemization at this carbon (Scheme 2.09). 
 
 
Scheme 2.09 The three possible stereochemical outcomes for C-N reductive elimination. 
 
Previously, the stereochemistry of reactions of metal-benzyl complexes was determined 
by optical rotation or use of a chiral shift reagent to assess the stereochemistry of organic 
products.16 Stille et al. determined that oxidative addition of benzyl halides to Pd(PPh3)4 
occurred with inversion of configuration by cleaving the benzyl group from the addition product 
with CO and methanol, and they analyzed the alcohol formed by reduction of the resulting 
ester.24-28 The stereochemistry of reactions of alkyl complexes has also been determined with 
deuterated, diastereomeric tert-butylethyl derivatives, but the use of such complexes is limited by 
their propensity to undergo β-hydrogen elimination when an open coordination site is present.17  
Thus, we devised a new, more direct strategy to determine the stereochemical outcome of 
reactions of metal-benzyl complexes that does not rely on optical rotation or require an 
interaction of the product with a chiral shift reagent. 
Our strategy involves the use of a chiral, non-racemic phosphine, which allows 
determination of the relative ratio of benzylpalladium halide precursors that contain (R) and (S) 
80 
 
configurations at the benzylic position. After testing several ligands we found that the 1H NMR 
spectra of the starting complexes containing BINAP as the dative ligand displayed well-resolved 
benzylic signals. Stille et al. previously studied the oxidative addition of (S)-deuterio-benzyl 
chloride to Pd(PPh3)4, and observed that the reaction occurs with inversion of configuration at 
the benzylic position. Mixing the Pd(PPh3)2((R)-d-Bn)Cl complex with (R)-BINAP cleanly 
generated 2.12-d1, the ((R)-BINAP)Pd((R)-d-Bn)Cl complex. The 1H NMR spectrum of the 
benzylic region is shown in Figure 2.04, and the major peak corresponds to the (Rax,RC)-
diastereomer. Preparation of complex 2.12-d1 by this synthetic route is complicated by the fact 
that the diastereomeric ratio is time dependent. High conversion of Pd(PPh3)4 resulted in a lower 
enantiomeric excess of Pd(PPh3)2((R)-d-Bn)Cl as the oxidative addition product. To avoid the 
complication of conversion and enantiomeric purity, a new synthetic route was devised. Treating 
a solution of (Cp)Pd-(η3-allyl) with (R)-BINAP followed by (S)-deuterio-benzyl chloride and 
heating the mixture resulted in the clean formation of complex 2.12-d1 (Figure 2.05). The 
diastereomeric ratio of complex 2.12-d1 formed in this way was found to be 85:15. Importantly, 
the major diastereomer formed from (Cp)Pd-(η3-allyl) is the same as that formed by oxidative 
addition to Pd(PPh3)4. From these data it was concluded that the configuration of complex 2.12-
d1 generated from (Cp)Pd-(η3-allyl) is of the (R) configuration at the benzylic carbon.   
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 Figure 2.04 Oxidative addition of (S)-deuterio-benzyl chloride to Pd(0). 
 
 
Figure 2.05 Improved procedure for the oxidative addition of (S)-deuterio-benzyl chloride to Pd(0). 
 
Once the absolute stereochemical configuration at the benzylic position had been 
determined, a method to distinguish the stereochemical outcome of the reductive elimination was 
necessary. Several approaches were considered. The first was to employ an anilido ligand such 
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that the reductive elimination product would be an N-benzylaniline. The N-benzylaniline would 
then be treated with Mosher chloride to generate an amide as a pair of diastereomers (Scheme 
2.10). This strategy was not pursued further because complex 2.10 did not undergo reductive 
elimination to form an N-benzylaniline derivative. 
 
 
Scheme 2.10 Proposed method to determine the stereochemical outcome of C-N reductive elimination. 
 
A revised strategy relied upon a diarylamide ligand with an aryl group that could be 
chemically removed after the reductive elimination. Incorporation of a p-methoxyphenyl group 
on the unsymmetrical diarylamide ligand provided a masked N-H bond that could be un-masked 
after oxidation with ceric ammonium nitrate (CAN).  Thermolysis of the amido complex would 
generate the unsymmetrical N-benzyldiarylamine. Oxidation with CAN would provide the N-
benzylaniline product, and subsequent addition of Mosher chloride would afford the desired 
diastereomeric amide product (Scheme 2.11). Attempting the oxidation on a small scale with 
independently synthesized N-benzyldiarylamine proved irreproducible. Additionally, obtaining 
enough of the unsymmetrical N-benzyldiarylamine product from the reductive elimination 
reaction proved impractical due to the large amount of palladium complex required.  
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 Scheme 2.11 Proposed method to determine the stereochemical outcome of C-N reductive elimination. 
 
A final method to analyze the stereochemical outcome of the reductive elimination 
reaction is by incorporating a chiral element on the amine. The incorporation of a chiral element 
on the amine provides the benzyl amine product as a pair of diastereomers, which can be readily 
distinguished by 1H NMR spectroscopy. The product of the reductive elimination also requires 
no further chemical transformations or the addition of a shift reagent to determine the outcome of 
the reductive elimination reaction. The chiral element chosen was the binaphthyl group. The 
synthesis of binaphthylamine compound 2.13 is outlined in Scheme 2.12 and starts from 
commercially available (R)-binaphthyldiamine. 
 
 
Scheme 2.12 The synthesis of a diarylamine with a binaphthyl chiral functionality. 
 
Addition of potassium (Ra)-binaphthylamide (2.14) to complex 2.12-d1 at -50 oC in THF-
d8 resulted in the formation of (Ra,Ra,RC)-benzylpalladium binaphthylamido complex 2.15-d1 
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(Equation 2.06). Complex 2.15-d1 was unstable at room temperature and was therefore 
characterized at -50 °C by one- and two-dimensional NMR spectroscopic methods. The 
characteristic benzylic peaks of complex 2.15-d1 were identified by HMQC, COSY and selective 
1H{31P} NMR spectroscopy.    
 
 
 
Complex 2.15-d1 underwent reductive elimination of the N-benzylbinaphthylamine (2.16-
d1) in 80% yield after 60 min at room temperature, as determined by 1H NMR spectroscopy with 
an internal standard. 1H NMR spectroscopy indicated that the same 85:15 ratio of diastereomers 
was formed as was present in the reactant 2.12-d1 (Figure 2.06). Comparison of the 1H NMR 
spectrum of the amine product 2.16-d1 to that of the amine prepared independently indicated that 
the reductive elimination occurred with inversion of configuration to form predominately 
(Ra,SC)-2.16-d1 (Figure 2.07). We envision this stereochemistry results from dissociation of the 
diarylamide, followed by nucleophilic attack on the benzylic carbon. Reactions that occur by 
dissociation of amide ligands to form ionic intermediates during organometallic processes are 
unusual. 
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Figure 2.06 Reductive elimination of from complex 2.15-d1. 
 
Figure 2.07 Independent synthesis of (R)-deuterio-benzylbinapthyldiamine 2.16-d1. 
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The mechanistic conclusion is that the overall transformation occurred by ionization of 
the Pd-amido ligand followed by nucleophilic attack on the π-benzyl intermediate. Although the 
previously presented data appear to contradict this conclusion, the data can be rationalized and 
are in agreement with the mechanistic hypothesis presented.  
Reductive elimination from the amido complex proceeds via dissociation of the amido 
ligand to generate an η3-benzyl species; this intermediate then collapses to form the benzylamine 
product and Pd(0) (Scheme 2.13). If ionization of the amido ligand is an equilibrium process, 
then the rate equation for the overall process depends on the concentration of the starting 
complex and the individual rate constants for each step (Equation 2.07).   
 
 
Scheme 2.13 Proposed equilibrium ionization of the amido ligand prior to C-N bond formation. 
 
 
 
 Evidence for the proposed equilibrium process is provided by the reaction of an isolated 
η3-benzyl complex with free potassium diarylamide. The reaction can either form the neutral 
benzylpalladium amido complex if the k-1 term is larger than the k2 term, or the benzylamine 
product if the k2 term is larger than the k-1 term. Upon mixing [(DPPF)Pd(η3-benzyl)]OTf with 
potassium di-p-tolylamide, the benzylpalladium amido complex 2.02 was cleanly observed by 
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31P{1H} NMR spectroscopy (Scheme 2.14). Observation of complex 2.02, rather than 
benzylamine, indicates that the ionization step is an equilibrium process favoring the neutral 
amido complex. The intermediacy of the charge-separated complex prior to irreversible 
nucleophilic attack was validated by the formation of complex 2.02.  
 
+
Pd
PF6-
+(DPPF)
Pd
NAr2
(DPPF)
NAr2
THFKNAr2
Ar = p-tolyl
-KPF6
2.02
 
Scheme 2.14 Reaction of an η3-benzylpalladium complex with potassium diarylamide.  
 
The previously collected data can be rationalized to fit the mechanistic hypothesis 
involving the reversible ionization of the amido ligand, followed by irreversible nucleophilic 
attack. First, thermolysis of the amido complexes showed clean first-order decay of the starting 
complex, which is expected from the rate equation (Equation 2.08). Because the reaction is first 
order in the palladium complex, the observed inversion of configuration at the benzylic position 
does not arise from attack of the amido ligand of one complex on the benzyl ligand of another 
complex.   
Second, the rate of reductive elimination was nearly unchanged by the electronic 
parameters of the amido ligand, but was influenced by the position of substituents on the aryl 
rings. An electron-donating amido ligand would disfavor the formation of an amide anion, which 
would decrease the k1 term. However, the more electron-rich amide anion is more nucleophilic, 
resulting in an increase in the k2 term. If the magnitude of the perturbations of the individual k1 
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and k2 terms are similar, then only a minor change in the rate constant would be observed. The 
effect of the substitution pattern on the overall rate of reaction can be rationalized by an increase 
in the volume of the anion after dissociation due to the 3,5-substituents. The larger steric volume 
of the amide anion decreases the rate of the nucleophilic attack onto the π-benzylpalladium 
complex. 
Third, the mesitylmethyl complex 2.08 and naphthylmethyl complex 2.09 underwent 
reductive elimination more rapidly than the parent benzyl complex 2.06. In the case of the 
naphthylmethyl complex, the energy barrier for dissociation of the amido ligand is lower than 
that for the analogous benzyl species because the η3-napthymethyl ligand remains aromatic, 
whereas the η3-benzyl ligand loses aromaticity. Lowering the barrier for dissociation of the 
amido ligand increases the magnitude of k1. Nucleophilic attack on η3-naphthylmethylpalladium 
complexes is known to occur more rapidly than nucleophilic attack on η3-benzylpalladium 
complexes, so the magnitude of the k2 term increases.10 The increased stability of the η3-
naphthylmethyl intermediate and increased reactivity of η3-naphthylmethylpalladium complexes 
toward a nucleophile results in an overall faster rate of reaction (Scheme 2.15). 
 
 
Scheme 2.15 Increased stability of the η3 intermediate accelerates the rate of reductive elimination from 
complex 2.09. 
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In the case of the mesitylmethyl complex, dissociation of the amido ligand is favored due 
to the greater steric hindrance associated with the mesitylmethyl ligand, thereby increasing k1. 
The mild electron-donating ability of the methyl groups of the mesitylmethyl ligand stabilizes 
the η3 coordination of the mesitylmethyl ligand. The rate of nucleophilic attack on the η3-
mesitylmethyl complex is expected to be lower than nucleophilic attack on the more open η3-
benzyl complex, which would decrease the magnitude of k2 (Scheme 2.16). The steric drive to 
dissociate the amido ligand and the enhanced stability of the η3-mesitylmethyl intermediate 
apparently dominates, resulting in an overall faster rate of reaction for complex 2.09 than for 
complex 2.06.      
 
 
Scheme 2.16 The increased steric bulk of the mesityl complex accelerates the rate of reductive 
elimination from complex 2.08. 
 
The greater propensity for reductive elimination to occur from benzyl complexes than 
from methyl complexes could result from a greater electrophilicity of the benzyl group relative to 
the methyl ligand, an ability of the benzyl group to stabilize the cationic intermediate by an η3 
interaction and promote dissociation of the amide anion, or the greater steric bulk of the benzyl 
group. Further studies are needed to define the role of the hydrocarbyl ligand in these reactions, 
but these results imply that the rate of reductive elimination is affected by more than one of these 
factors. Faster reductive elimination from the naphthylmethyl complex, which would form a 
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more stable cationic η3-benzylic intermediate than that derived from the parent benzyl complex, 
suggests that the intermediacy of η3-benzyl complexes can explain the difference in reactivity 
between benzyl complexes 2.01–2.09 and the methyl complex 2.11. However, the fast reaction 
of the mesitylmethyl complex 2.09, which would form a less stable η3-benzyl structure but 
possesses a more crowded coordination sphere, implies that steric congestion significantly 
increases the rate of reductive elimination and also contributes to the difference in reactivity 
between complexes 2.01–2.07 and the anilido complex 2.10. Such steric factors are also likely to 
contribute to the higher yield of reductive elimination from diarylamido complexes 2.01–2.07 
than from the anilido complex 2.10, despite the seemingly more favorable electronic properties 
of the anilido ligand for this type of reductive elimination.  
 
2.3 Conclusion 
These results show that the factors controlling the rate and scope of this reductive 
elimination are unique. First, the stepwise process contrasts with the concerted reductive 
elimination from arylpalladium amido complexes. Second, the reaction occurs without initial 
oxidation to a higher-valent metal complex. Third, the ionic mechanism for this reductive 
elimination from palladium(II) occurs with amido ligands that form less stabilized anions than 
the tosylamido groups that have been observed to undergo reductive elimination from 
platinum(IV) or nickel(II) (HNPh2, pKa=25; PhS(O)2NH2, pKa=16 in dimethyl sulfoxide), and 
the reaction is faster from complexes containing more electron-donating diarylamido ligands 
than from complexes containing less electron-donating diarylamido ligands. Fourth, the reaction 
is not strongly affected by an added amine that could promote dissociation of the amide. Fifth, 
this reaction begins with an amido ligand bound to palladium, rather than the free amine used in 
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allylic substitution reactions. Reactions that occur by the dissociation of an amide ligand, let 
alone the dissociation of an amide ligand in hydrocarbon solvents to form an ionic intermediate, 
have not been reported previously. Finally, these results suggest that the functionalization of C-H 
bonds via palladium(II) species to form carbon-heteroatom bonds occurs by dissociation of the 
anionic ligand rather than by direct reductive elimination.  
In summary, we have described the first reductive elimination to form an C(sp3)-N bond 
in an amine from a low-valent Group 10 metal center without oxidation. A combination of 
kinetic and stereochemical studies indicate that this reaction occurs by a stepwise pathway that 
most likely involves dissociation of a diarylamide anion, followed by nucleophilic attack of the 
amide onto the resulting cationic η3-benzylpalladium complex. This pathway contrasts with the 
concerted pathway for the coupling of aryl and amido ligands18 or the coupling of two alkyl 
ligands,16 and the electronic effects of the diarylamido ligand contrast with those of the anionic 
ligand during reductive elimination from platinum(IV).7 Studies to probe the origins of these 
differences and to extend these reactions to reductive elimination from purely alkyl complexes 
are presented in Chapter 4. 
 
2.4 Experimental Section 
All manipulations were carried out under an inert atmosphere using a nitrogen-filled 
glovebox or standard Schlenk techniques unless otherwise noted. All glassware was oven- or 
flame-dried immediately prior to use. Tetrahydrofuran and diethyl ether were obtained as HPLC 
grade without inhibitors; dichloromethane, pentane, and benzene were obtained as ACS reagent 
grade. All protio solvents were degassed by purging with nitrogen for 45 min and dried with a 
solvent purification system containing a 1 m column of activated alumina. Benzene-d6 and 
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tetrahydrofuran-d8 were dried over sodium/benzophenone and vacuum distilled prior to use. 
Dichloromethane-d2 was dried over calcium hydride and vacuum distilled prior to use. 
Nitrobenzene-d5 was dried over 4 Å molecular sieves before use. All other reagents and solvents 
were obtained from commercial sources and used without further purification.  
1H NMR spectra were obtained at 400 or 500 MHz and recorded relative to residual 
protio solvent. 13C{1H} NMR spectra were obtained at 126 or 151 MHz, and chemical shifts 
were recorded relative to the solvent resonance. 31P{1H} NMR spectra were obtained at 162 or 
202 MHz, and chemical shifts are reported relative to 85% H3PO4. 19F{1H} NMR spectra were 
obtained at 376 MHz, and chemical shifts are reported relative to C6F6 in CDCl3 unless otherwise 
specified. 
Combustion analyses were performed at the Microanalysis Laboratory at the University 
of Illinois at Urbana-Champaign, Urbana, IL or at Robertson Microlit Laboratories, Madison, 
NJ. 
 
Preparation of (DPPF)Pd(Bn)(N(4-OMe-C6H4)2 ) (2.01). 
In a 20 mL scintillation vial, (COD)Pd(Bn)Cl (101 mg, 0.297 
mmol) was dissolved in THF (5 mL). Into another vial, DPPF 
(167 mg, 0.300 mmol) was dissolved in THF (5 mL). The 
DPPF solution was added to the stirred solution of 
(COD)Pd(Bn)Cl. After 10 min, KN(4-OMe-C6H4)2 (100 mg, 
0.374 mmol) dissolved in THF (5 mL) was added to the orange (DPPF)Pd(Bn)Cl solution. The 
solution immediately turned from orange-red to dark purple in color after the addition of KN(4-
OMe-C6H4)2. The resulting mixture was stirred for 10 min. The THF was evaporated in vacuo, 
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and then the purple residue was dissolved in CH2Cl2. The CH2Cl2 solution was then filtered 
through a plug of Celite. The Celite was rinsed with CH2Cl2 until the purple color had dissipated. 
The filtrate was reduced in volume to about 2 mL under reduced pressure. Next, diethyl ether 
was added to the CH2Cl2 solution, and the homogeneous purple solution was cooled to -35 oC for 
2 h to complete precipitation. The dark-purple crystalline solid was filtered, washed with diethyl 
ether (1 x 10 mL) and pentane (3 x 5 mL) and then dried in vacuo to afford 90 mg (30%) of 2.01. 
1H NMR (500 MHz, THF-d8) δ 2.86 (dd, J = 10.0 Hz, 8.0 Hz, 2H), 3.59 (m, 2H), 3.60 (s, 6H), 
4.10 (t, J = 1.6 Hz, 2H), 4.53 (t, J = 1.6 Hz, 2H), 4.66 (q, J = 2.0 Hz, 2H), 6.11-6.13 (m, 2H), 
6.30-6.34 (m, 4H), 6.39 (t, J = 7.6 Hz, 2H), 6.48-6.52 (m, 1H), 6.91-6.99 (m, 8H), 7.16-7.19 (m, 
2H), 7.28-7.33 (m, 4H), 7.55-7.62 (m, 6H), 7.85-7.89 (m, 4H). 31P{1H} NMR (162 MHz, THF-
d8) δ  21.6 (d, J = 37.7 Hz), 29.5 (d, J = 37.9 Hz). 13C{1H} NMR (126 MHz, CD2Cl2) δ 33.2 (d, J 
= 95.0 Hz), 56.1, 71.9 (d, J = 5.5 Hz), 73.9 (d, J = 6.5 Hz), 74.6 (d, J = 57.3 Hz), 75.0 (d, J = 9.2 
Hz), 76.6 (d, J = 12.0 Hz), 79.6 (dd, J = 7.4, 50.8 Hz), 113.8, 120.4, 122.5 (d, J = 2.8 Hz), 126.8 
(d, J = 1.8 Hz), 127.6 (d, J = 9.2 Hz), 128.7 (d, J = 4.7 Hz), 129.1 (d, J = 10.1 Hz), 129.8, 131.1 
(d, J = 1.8 Hz), 132.0 (d, J = 45.2 Hz), 134.7 (d, J = 12.8 Hz), 134.9 (d, J = 12.0 Hz), 136.2 (d, J 
= 34.1 Hz), 148.2, 148.6 (d, J = 7.3 Hz), 149.5. Anal. Calcd. for C55H49FeNO2P2Pd: C, 67.39; H, 
5.04; N, 1.43. Found: C, 67.01; H, 5.28; N, 1.61. 
 
Reductive elimination from 2.01 in THF-d8: A screw-topped NMR tube was charged with 
trimethoxybenzene (1.8 mg, 0.011 mmol). Complex 2.01 (9.6 mg, 0.0098 mmol) and DPPF (8.2 
mg, 0.015 mmol) were dissolved in THF-d8 and the resulting purple solution was added to the 
screw-topped NMR tube. An initial 31P{1H} NMR spectrum revealed only complex 2.01 and 
DPPF.  Then the reaction was heated at 55 oC for 2.5 h. The amount of 2.17 formed was 
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calculated to be 0.0061 mmol (62%), and the amount of HN(4-OMe-C6H4)2 formed was 
calculated to be 0.0037 mmol (38%) by GC-FID. 
 
Preparation of (DPPF)Pd(Bn)(N(p-tolyl)2) (2.02). 
In a 20 mL scintillation vial, (COD)Pd(Bn)Cl (107 mg, 0.313 
mmol) was dissolved in THF (5 mL). Into another vial, DPPF (174 
mg, 0.313 mmol) was dissolved in THF (5 mL). The DPPF solution 
was added to the stirred solution of (COD)Pd(Bn)Cl. After 10 min, 
KN(p-tolyl)2 (81.3 mg, 0.345 mmol) dissolved in THF (5 mL) was 
added to the orange (DPPF)Pd(Bn)Cl solution, resulting in a red-purple-colored solution. The 
resulting mixture was stirred for 10 min. The THF was evaporated in vacuo, and then the purple 
residue was dissolved in toluene. The toluene solution was then filtered through a plug of Celite. 
The Celite was then rinsed with toluene until the purple color had dissipated. The filtrate was 
reduced in volume to about 3 mL under reduced pressure, layered with pentane, and cooled to -
35 oC for 12 h to complete precipitation. The purplish-pink solid was filtered, washed with 
pentanes (3 x 10 mL) and then dried in vacuo to afford 192 mg (65%) of 2.02. 1H NMR (500 
MHz, C6D6) δ 2.27 (s, 6H), 3.46 (t, J = 8.5 Hz, 2H), 3.55 (s, 2H), 3.61 (s, 2H), 4.03 (s, 2H), 4.61 
(s, 2H), 6.6-6.68 (m, 2H), 6.77-6.92 (m, 14H), 7.13-7.14 (m, 5H), 7.49-7.53 (m, 8H), 7.90-7.94 
(m, 4H). 31P{1H} NMR (202 MHz, C6D6) δ  21.6 (d, J = 37.9 Hz), 29.5 (d, J = 37.9 Hz). 13C{1H} 
NMR (126 MHz, THF-d8) δ 20.9,  33.9 (d, J = 98.0 Hz), 72.2 (d, J = 4.9 Hz), 74.3 (d, J = 5.9 
Hz), 75.5 (d, J = 8.8 Hz), 75.7, 77.3 (d, J = 12.8 Hz), 80.7 (dd, J = 49.9, 7.8 Hz), 120.8, 122.4, 
122.7 (d, J = 4.3 Hz), 127.1 (d, J = 2.8 Hz), 128.0 (d, J = 9.8 Hz), 129.0, 129.3 (d, J = 4.8 Hz), 
129.6 (d, J = 9.7 Hz), 130.2, 131.5, 132.8 (d, J = 44.1 Hz), 135.4 (d, J = 12.7 Hz), 135.4 (d, J = 
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11.7 Hz), 136.9 (d, J = 34.3 Hz), 148.8 (d, J = 6.8 Hz), 152.0. Anal. Calcd. for C55H49FeNP2Pd: 
C, 69.67; H, 5.21; N, 1.48. Found: C, 69.86; H, 5.06; N, 1.47.  
 
Reductive elimination from 2.02 in C6D6: A screw-topped NMR tube was charged with complex 
2.02 (10.0 mg, 0.0105 mmol) and DPPF (11.2 mg, 0.0202 mmol). Next, C6D6 (about 550 μL) 
was syringed into the NMR tube, followed by trimethoxybenzene (25 μL of a 0.1676 M stock 
solution in C6D6, 0.0042 mmol). An initial spectrum was taken, and from this 1H NMR spectrum, 
the amount of 2.02 was calculated to be 0.0063 mmol. An initial 31P{1H} NMR spectrum 
revealed only complex 2.02 and DPPF.  Then the reaction was heated at 75 oC for 1 h. The 
amount of product 2.18 formed was calculated to be 0.0053 mmol (83%).  
 
Reductive elimination from 2.02 in C6D5NO2: Complex 2.02 (250 μL of a 0.0336 M solution in 
C6D5NO2, 0.00840 mmol) was syringed into a screw-topped NMR tube.  DPPF (200 μL  of a 
0.0525 M solution in C6D5NO2, 0.0105 mmol) was then syringed into the same NMR tube. Next 
C6D5NO2 (about 550 μL) was syringed into the NMR tube, followed by trimethoxybenzene (25 
μL of a 0.2164 M stock solution in C6D5NO2, 0.0054 mmol). An initial spectrum was taken, and 
from this NMR spectrum the amount of 2.02 was calculated to be 0.0040 mmol. An initial 
31P{1H} NMR spectrum revealed only complex 2.02 and DPPF. Then the reaction was heated at 
55 oC for 2.5 h. The amount of product 2.18 formed was calculated to be 0.0028 mmol (71%). 
 
Preparation of (DPPF)Pd(Bn)(N(Ph)2) (2.03). 
In a 20 mL scintillation vial, (COD)Pd(Bn)Cl (124 mg, 0.363 mmol) was dissolved in THF (5 
mL). Into another vial, DPPF (202 mg, 0.364 mmol) was dissolved in THF (5 mL). The DPPF 
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solution was added to the stirred solution of (COD)Pd(Bn)Cl. After 10 
min, KN(Ph)2 (88.0 mg, 0.424 mmol) dissolved in THF (5 mL) was 
added to the orange (DPPF)Pd(Bn)Cl solution. The solution 
immediately turned purple in color. The resulting mixture was stirred 
for 10 min. The THF was evaporated in vacuo, and then the red 
residue was dissolved in benzene. The benzene solution was then filtered through a plug of 
Celite. The Celite was then rinsed with benzene until the purple color had dissipated. The 
benzene was evaporated in vacuo. To the resulting purple residue about 3 mL of THF was added 
to dissolve the complex. Pentane was layered onto the THF solution, and then the layered 
solution was cooled to -35 oC for 12 h to complete precipitation. The purple-red solid was 
filtered, washed with pentanes (3 x 10 mL) and then dried in vacuo to afford 205 mg (61%) of 
2.03. 1H NMR (400 MHz, C6D6) δ 3.44 (dd, J = 8.4, 1.6 Hz, 2H), 3.55 (d, J = 2.0 Hz, 2H), 3.62 
(q, J = 2.0, 1.6 Hz, 2H), 4.03 (s, 2H), 4.60 (s, 2H), 6.64-6.67 (m, 4H), 6.75-6.79 (m, 4H), 6.81-
6.86 (m, 5H), 7.10-7.14 (m, 10H), 7.46-7.51 (m, 4H), 7.60 (d, J = 7.6 Hz, 4H), 7.88-7.94 (m, 
4H). 31P{1H} NMR (162 MHz, C6D6) δ  21.4 (d, J = 39.2 Hz), 29.6 (d, J = 37.9 Hz). 13C{1H} 
NMR (126 MHz, THF-d8) δ 34.0 (d, J = 96.0 Hz), 72.3 (d, J = 5.9 Hz), 74.4 (d, J = 5.9 Hz), 
75.3, 75.6 (d, J = 8.8 Hz), 77.4 (d, J = 11.7 Hz), 80.4 (dd, J = 8.1, 50.5 Hz), 114.6, 121.1, 122.1, 
122.8 (d, J =  3.6 Hz), 127.1 (d, J = 2.6 Hz), 128.0 (d, J = 9.7 Hz), 129.3 (d, J = 4.9 Hz), 129.6 
(d, J = 9.8 Hz), 130.2, 131.6 (d, J = 2.0 Hz), 132.7 (d, J = 45.1 Hz), 135.3 (d, J = 12.7 Hz), 135.6 
(d, J = 12.7 Hz), 136.8 (d, J = 34.3 Hz), 148.9 (d, J = 7.2 Hz), 153.8. Anal. Calcd. for 
C53H45FeNP2Pd: C, 69.18; H, 4.93; N, 1.52. Found: C, 69.02
Pd
NFe
P
P
Ph2
Ph2
; H, 4.94; N, 1.71.  
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Reductive elimination from 2.03 in C6D6: A screw-topped NMR tube was charged with 
trimethoxybenzene (3.7 mg, 0.022 mmol). Complex 2.03 (12.2 mg, 0.0133 mmol) and DPPF 
(9.7 mg, 0.017 mmol) were dissolved in C6D6 and the resulting red-purple solution was added to 
the screw-topped NMR tube. An initial spectrum was taken, and from this 1H NMR spectrum, 
the amount of 2.03 was calculated to be 0.0086 mmol. An initial 31P{1H} NMR spectrum 
revealed only complex 2.03 and DPPF.  Then the reaction was heated at 75 oC for 40 min. The 
amount of N-benzyl diphenylamine formed was calculated to be 0.0076 mmol (88%) by 1H 
NMR spectroscopy. 
 
Preparation of (DPPF)Pd(Bn)(N(4-Cl-C6H4)2 ) (2.04). 
In a 20 mL scintillation vial, (COD)Pd(Bn)Cl (105 mg,  0.308 
mmol) was dissolved in THF (5 mL). Into another vial, DPPF (171 
mg, 0.309 mmol) was dissolved in THF (5 mL). The DPPF 
solution was added to the stirred solution of (COD)Pd(Bn)Cl. 
After 10 min, KN(4-Cl-C6H4)2 (104 mg, 0.375 mmol) dissolved in 
THF (5 mL) was added to the orange (DPPF)Pd(Bn)Cl solution. After the addition of KN(4-Cl-
C6H4)2,  the solution appeared red in color. The resulting mixture was stirred for 10 min. The 
THF was evaporated in vacuo, and then the red residue was dissolved in toluene. The toluene 
solution was then filtered through a plug of Celite. The Celite was then rinsed with toluene until 
the red color had dissipated. The toluene was evaporated in vacuo until about 3 mL of toluene 
remained. Pentane was layered onto the toluene solution, and then the mixture was cooled to -35 
oC for 12 h to complete precipitation. The red solid was filtered, washed with diethyl ether (3 x 
5mL) and then washed with pentanes (3 x 10 mL). The vermillion-colored solid was then dried 
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in vacuo to afford  195 mg (64%) of 2.04. 1H NMR (400 MHz, C6D6) δ 3.23 (t, J = 9.0, 2H), 
3.54 (s, 2H), 3.61 (d, J = 2.0, 2H), 4.02 (s, 2H), 4.46 (s, 2H), 6.55 (d, J = 7.5 Hz, 2H), 6.71-6.74 
(m, 4H), 6.78-6.84 (m, 5H), 7.00 (d, J = 8.5 Hz, 4H), 7.12 (d, J = 2.0 Hz, 6H), 7.26 (d, J = 9.0 
Hz, 4H), 7.36 (t, J = 9.0 Hz, 4H), 7.84-7.87 (m, 4H). 31P{1H} NMR (162 MHz, C6D6) δ 21.5 (d, 
J = 37.9 Hz), 30.7 (d, J = 38.2 Hz). 13C{1H} NMR (126 MHz, THF-d8) δ 34.1 (d, J = 95.0 Hz), 
72.6 (d, J = 5.5 Hz), 74.6 (d, J = 5.5 Hz), 75.0 (d, J = 35.9 Hz), 75.7 (d, J = 8.3 Hz), 77.4 (d, J = 
13.0 Hz), 79.7 (dd, J = 8.3, 51.7 Hz), 118.7, 121.6, 123.2 (d, J = 3.8 Hz), 127.2 (d, J = 2.7 Hz), 
128.0, 128.3 (d, J = 9.3 Hz), 129.0 (d, J = 4.5 Hz), 129.9 (d, J = 10.2 Hz), 130.6, 131.9, 132.5 (d, 
J = 45.2 Hz), 135.2 (d, J = 12.0 Hz), 135.4 (d, J = 12.0 Hz), 136.5 (d, J = 35.2 Hz), 148.5 (d, J = 
7.4 Hz), 152.1. Anal. Calcd. for C53H43Cl2FeNP2Pd: C, 64.36; H, 4.38; N, 1.42. Found: C, 64.21; 
H, 4.45; N, 1.50.  
 
Reductive elimination from 2.04 in C6D6: A screw-topped NMR tube was charged with 
trimethoxybenzene (3.2 mg, 0.016 mmol). Complex 2.04 (9.9 mg, 0.010 mmol) and DPPF (9.9 
mg, 0.018  mmol) were dissolved in C6D6 and the resulting red-orange solution was added to the 
screw-topped NMR tube. An initial 31P{1H} NMR spectrum revealed only complex 2.04 and 
DPPF.  Then the reaction was heated at 75 oC for 2.5 h. The amount of 2.19 benzyl-N(4-Cl-
C6H4)2 formed was calculated to be 0.0087 mmol (87%) by 1H NMR spectroscopy. 
 
Preparation of (DPPF)Pd(Bn)(N(4-CF3-C6H4)2 ) (2.05). 
 A round-bottomed flask equipped with a magnetic stir bar was charged with (DPPF)Pd(Bn)Cl 
(156 mg, 0.198 mmol).  Dry diethyl ether (25 mL) was added to suspend the yellow-orange 
solid, and the flask was then sealed with a rubber septum. A round-bottomed flask equipped with 
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a magnetic stir bar was charged with KHMDS (59 mg, 0.29 
mmol). Dry diethyl ether (8 mL) was added to dissolve the 
KHMDS, and then the flask was sealed with a rubber septum. 
Next, HN(4-CF3-C6H4)2 (88 mg, 0.29 mmol) was massed into a 
5 dram vial, and 3 mL of diethyl ether was added to dissolve the 
amine. Once the HN(4-CF3-C6H4)2 had completely dissolved, the solution was drawn into a 3 
mL syringe. Outside of the glovebox, the flasks containing the KHMDS solution and 
(DPPF)Pd(Bn)Cl suspension were cooled to -78 oC. The solution of HN(4-CF3-C6H4)2 was then 
syringed into the cooled solution of KHMDS. After the complete addition of HN(4-CF3-C6H4)2 
to the KHMDS solution, the resulting yellow solution was stirred for 30 min at -78 oC. Next, the 
solution of KN(4-CF3-C6H4)2 was transferred via cannula to the cooled, stirred suspension of 
(DPPF)Pd(Bn)Cl. After the addition was complete, the resulting solution was stirred for 10 min 
at -78 oC and then allowed to warm to room temperature, resulting in a dark brown-yellow 
solution. The brown-yellow solution was stirred at room temperature for 20 min, after which 
time the solid (DPPF)Pd(Bn)Cl was consumed. The brown-yellow solution was cooled to -78 oC 
and then filtered through Celite into a Schlenk flask that was also cooled to -78 oC. The Celite 
was washed with dry diethyl ether (20 mL) until the washings were colorless. The Schlenk flask 
into which the filtrate was collected was then removed from the -78 oC bath and placed into a 0 
oC bath. The diethyl ether was evaporated under reduced pressure at 0 oC. Once the diethyl ether 
was removed, the Schlenk flask was taken into the glovebox, where pentane (10 mL) was added 
to the brown residue. The brown precipitate was filtered from the pentane solution through a 
fritted funnel. The brown solid was washed with pentane until the washings were colorless, and 
then the solid was dried in vacuo to afford 117 mg (56%) of 2.05. 1H NMR (400 MHz, C6D6) δ 
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3.15 (t, J = 8.4 Hz, 2H), 3.55 (s, 2H), 3.63 (d, J = 1.6 Hz, 2H), 4.00 (s, 2H), 4.43 (s, 2H), 6.52 (d, 
J = 7.2 Hz, 2H), 6.68-6.82 (m, 9H), 7.13-7.14 (m, 5H), 7.28-7.35 (m, 13H), 7.84-7.88 (m, 4H). 
31P{1H} NMR (162 MHz, C6D6) δ 21.6 (d, J = 39.2 Hz), 31.6 (d, J = 40.3 Hz). 13C{1H} NMR 
(126 MHz, THF-d8) δ 34.5 (d, J = 93.2 Hz), 72.8 (d, J = 5.8 Hz), 74.7 (d, J = 35.3 Hz), 74.8 (d, J 
= 5.8 Hz), 75.7 (d, J = 8.8 Hz), 77.5 (d, J = 12.7 Hz), 79.2 (dd, J = 8.8, 52.9 Hz), 116.5 (q, J = 
31.4 Hz), 120.4, 123.4 (d, J = 2.9 Hz), 125.5 (d, J = 3.9 Hz), 126.8 (q, J = 270.4 Hz), 127.3 (d, J 
= 2.9 Hz), 128.4 (d, J = 8.8 Hz), 128.8 (d, J = 4.9 Hz), 129.9 (d, J = 10.8 Hz), 130.0, 132.3 (d, J 
= 46.1 Hz), 135.1 (d, J = 12.8 Hz), 135.4 (d, J = 11.8 Hz), 136.2 (d, J = 35.3 Hz), 148.3 (d, J = 
7.8 Hz), 156.0. 19F{1H} NMR (376 MHz, C6D6) δ -60.1. Anal. Calcd. for C55H43F6FeNP2Pd: C, 
62.55; H, 4.10; N, 1.33. Found: C, 62.37; H, 4.21; N, 1.57. 
 
Reductive elimination from 2.05 in C6D6: A screw-topped NMR tube was charged with 
trimethoxybenzene (2.3 mg, 0.014 mmol). Complex 2.05 (11.5 mg, 0.0109 mmol) and DPPF 
(8.5 mg, 0.0153 mmol) were dissolved in C6D6 and the resulting orange solution was added to 
the screw-topped NMR tube. An initial 31P{1H} NMR spectrum revealed only complex 2.05 and 
DPPF. An initial spectrum was taken, and from this 1H NMR spectrum, the amount of 2.05 was 
calculated to be 0.00966 mmol.   Then the reaction was heated at 55 oC for 5.8 h. The amount of 
2.20 formed was calculated to be 0.0090 mmol (93 %) by 1H NMR spectroscopy. 
 
Preparation of (DPPF)Pd(Bn)(N(3,5-CF3-C6H3)2) (2.06). 
In a 20 mL scintillation vial, (COD)Pd(Bn)Cl (71.8 mg, 0.211 mmol) was dissolved in THF (5 
mL). In another vial, DPPF (117 mg, 0.211 mmol) was dissolved in THF (5 mL). The DPPF 
solution was added to the solution of (COD)Pd(Bn)Cl. After stirring for 5 min, the starting 
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complex had fully converted to (DPPF)Pd(Bn)Cl, as determined 
by 31P{1H} NMR spectroscopy. At this time, a solution of 
KN(3,5-CF3-C6H3)2 (111 mg, 0.232 mmol) in THF (5 mL) was 
added to the solution of (DPPF)Pd(Bn)Cl. After 20 min of 
stirring, the (DPPF)Pd(Bn)Cl was fully converted to 6, as 
determined by 31P{1H} NMR spectroscopy. The solvent was evaporated in vacuo, and the 
yellow-orange residue was then dissolved in toluene. The toluene solution was filtered through a 
plug of Celite. Then the Celite was washed with toluene until the washings were colorless. The 
yellow filtrate was concentrated under reduced pressure to a volume of about 2 mL, then layered 
with pentane, and cooled to -35 oC. After 3 h, a yellow precipitate had formed and was collected 
by suction filtration and dried in vacuo to yield 117 mg (46%) of 2.06. 1H NMR (400 MHz, 
C6D6) δ 2.88 (t, J = 8.8 Hz, 2H), 3.54 (s, 2H), 3.73 (d, J = 2.0 Hz, 2H), 3.99 (s, 2H), 4.49 (brs, 
2H), 6.54-6.73 (m, 10H), 6.85-6.87 (m, 2H), 7.12-7.16 (m, 3H), 7.27-7.31 (m, 8H), 7.86 (brs, 
4H), 7.99-8.02 (m, 4H). 31P{1H} NMR (162 MHz, C6D6) δ 21.7 (d, J = 41.6 Hz), 34.2 (d, J = 
41.4 Hz). 13C{1H} NMR (126 MHz, THF-d8) 35.7 (d, J = 92.1 Hz), 73.2 (d, J = 5.8 Hz), 74.3 
(dd, J = 38.7, 1.9 Hz), 75.0 (d, J = 6.5 Hz), 75.8 (d, J = 9.2 Hz), 77.3 (d, J = 11.9 Hz), 78.6 (dd, J 
= 8.2, 55.4 Hz), 108.6 (sep, J  = 3.3 Hz), 119.7 (brs), 124.0 (d, J = 2.8 Hz), 125.3 (q, J = 272.6 
Hz), 126.4, 127.3 (d, J = 2.8 Hz), 128.5 (d, J = 4.7 Hz), 128.6 (d, J = 9.2 Hz), 130.0 (d, J = 10.2 
Hz), 131.3 (q, J = 31.8 Hz), 131.9 (d, J = 48.9 Hz), 132.4, 134.9 (d, J = 11.9 Hz), 135.4 (d, J = 
35.9 Hz), 135.4 (d, J = 11.9 Hz), 147.7 (d, J = 7.4 Hz), 152.6. 19F{1H} NMR (376 MHz, C6D6) δ 
-63.4.  Anal. Calcd. for C57H41F12FeNP2Pd: C, 57.43; H, 3.47; N, 1.17. Found: C, 57.78; H, 3.23; 
, 1.09.  
 
N
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Reductive elimination from 2.06 in C6D6:  A screw-topped NMR tube was charged with complex 
2.06 (8.1 mg, 0.0068 mmol) and DPPF (6.7 mg, 0.012 mmol). Next, C6D6 (about 550 μL) was 
syringed into the NMR tube, followed by trimethoxybenzene (25 μL of a 0.1676 M stock 
solution in C6D6, 0.0042 mmol). An initial 31P{1H} NMR spectrum revealed only complex 2.06 
and DPPF.  Then the reaction was heated at 75 oC for 8.5 h. The amount of product 2.21 formed 
was calculated to be 0.0057 mmol (83%) by 1H NMR spectroscopy.  
 
Preparation of (DPPF)Pd(Bn)(N(3,5-CH3-C6H3)2) (2.07). 
In a 20 mL scintillation vial, (COD)Pd(Bn)Cl (104 mg, 0.303  
mmol) was dissolved in THF (5 mL). In another vial, DPPF (171 
mg, 0.308 mmol) was dissolved in THF (5 mL). The DPPF 
solution was added to the solution of (COD)Pd(Bn)Cl. Next, the 
solution of KN(3,5-CH3-C6H3)2 (94 mg, 0.36 mmol) in THF (5 
mL) was added to the solution of (DPPF)Pd(Bn)Cl. After the addition of the KN(3,5-CH3-
C6H3)2, the resulting solution was dark purple. The solvent was evaporated in vacuo, and the 
purple residue was then dissolved in benzene. The benzene solution was filtered through a plug 
of Celite, and the Celite was washed with benzene until the washings were colorless. The purple 
filtrate was concentrated to dryness under reduced pressure. The remaining purple residue was 
dissolved in about 4 mL of THF, then layered with pentane, and cooled to -35 oC. After 12 h, a 
purple-red precipitate had formed; it was collected by suction filtration and washed with diethyl 
ether (1 x 5 mL) and pentane (2 x 7 mL). The purple solid was dried in vacuo to yield 196  mg 
(61%) of 2.07. 1H NMR (500 MHz, THF-d8) δ 2.04 (s, 9H), 2.83 (d, J = 8.5 Hz, 2H), 3.63 (s, 
2H), 4.11 (s, 2H), 4.54 (s, 2H), 4.66 (s, 2H), 5.89 (s, 2H), 6.10 (d, J = 7.5 Hz, 2H), 6.38 (t, J = 
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7.4 Hz, 2H), 6.47-6.50 (m, 1H), 6.77 (s, 4H), 6.96 (t, J = 7.2 5H), 7.18 (t, J = 7.5 Hz, 2H), 7.31 
(t, J = 8.8 Hz, 5H), 7.56-7.62 (m, 7H), 7.96 (t, J = 9.0 Hz, 4H). 31P{1H} NMR (202 MHz, C6D6) 
δ 21.9 (d, J = 38.0 Hz), 30.5 (d, J = 38.2 Hz). 13C{1H} NMR (126 MHz, THF-d8) δ 21.8, 34.2 (d, 
J = 96.9 Hz), 72.3 (d, J = 5.9 Hz), 74.2 (d, J = 6.8 Hz), 75.5 (d, J = 8.8 Hz), 75.8 (dd, J = 1.9, 
35.6 Hz), 77.2 (d, J = 11.8 Hz), 80.8 (dd, J = 8.8, 51.0 Hz), 116.7, 119.4, 122.7 (d, J = 2.9 Hz), 
126.9 (d, J = 2.9 Hz), 127.8 (d, J = 9.8 Hz), 129.2 (d, J = 4.9 Hz), 129.6 (d, J = 10.8 Hz), 130.0, 
131.6, 132.8 (d, J = 44.1 Hz), 135.5 (d, J = 12.7 Hz), 135.7 (d, J = 12.7 Hz), 136.4, 136.7 (d, J = 
34.3 Hz), 149.0 (d, J = 6.8 Hz), 153.6. Anal. Calcd. for C57H53FeNP2Pd: C, 70.13; H, 5.47;N, 
1.43. Found: C, 69.79; H, 5.75; N, 1.55.  
 
Reductive elimination from 2.07 in C6D6:  A screw-topped NMR tube was charged with 
trimethoxybenzene (3.0 mg, 0.018 mmol). Complex 2.07 (18.9 mg, 0.019 mmol) and DPPF 
(12.3 mg, 0.022 mmol) were dissolved in C6D6 and the resulting orange solution was added to 
the screw-topped NMR tube. An initial 31P{1H} NMR spectrum revealed only complex 2.07 and 
DPPF.  Then the reaction was heated at 75 oC for 1.5 h. The amount of 2.22 formed was 
calculated to be 0.012 mmol (63%), and the amount of HN(3,5-Me-C6H3)2 formed was 
calculated to be 0.0071 mmol (37%) by 1H NMR spectroscopy. 
 
Preparation of (DPPF)Pd(naphthylmethyl)(Br) (2.26). 
In a 20 mL scintillation vial, (Cp)Pd(η3-allyl) (124 mg, 0.584 
mmol) was dissolved in benzene (7 mL). A suspension of DPPF 
(341 mg, 0.615 mmol) in benzene (7 mL) was added to the 
dissolved (Cp)Pd(η3-allyl). The solution color changed from deep red to orange-red. After the 
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solution became homogeneous, a solution of 2-bromomethylnaphthalene (141 mg, 0.637 mmol) 
in benzene (5 mL) was added dropwise. After all of the 2-bromomethylnaphthalene solution was 
added, the resulting solution was dark orange-red in color. The solution was concentrated under 
reduced pressure to a final volume of approximately 5 mL. While the solvent was being 
evaporated, a yellow solid began to precipitate. To the precipitated solid, diethyl ether (10 mL) 
was added. The yellow slurry was filtered through a fritted funnel to collect the product. The 
bright-yellow solid was washed with benzene (1 x 5 mL), diethyl ether (1 x 10 mL), then with 
pentane (3 x 10 mL). The yellow solid was dried in vacuo to afford 324 mg (63%) of compound 
2.26. 1H NMR (400 MHz, CDCl3) δ 3.46 (s, 2H), 3.69 (d, J = 7.2 Hz, 2H), 4.09 (s, 2H), 4.45 (s, 
2H), 4.75 (s, 2H), 6.96 (d, J = 7.6 Hz, 1H), 7.03 (t, J = 8.0 Hz, 1H), 7.16 (d, J = 8.8 Hz, 1H), 
7.31 (brs, 11H), 7.43 (brs, 7H), 7.61 (d, J = 7.6 Hz, 5H), 7.67 (d, J = 8.8 Hz, 1H). 31P{1H} NMR 
(162 MHz, CDCl3) δ 17.7 (d, J = 50.1 Hz), 31.2(d, J = 51.2 Hz). Anal. Calcd for 
C45H37BrFeP2Pd: C, 61.29; H, 4.23. Found: C, 61.48; H, 4.16.  
 
Preparation of (DPPF)Pd(naphthylmethyl)(N(C6H3-3,5-CF3)2) (2.08). 
A Schlenk flask equipped with a magnetic stir bar was charged 
with complex 2.26 (184 mg, 0.209 mmol).  Dry diethyl ether (25 
mL) was added to suspend the yellow solid. The Schlenk flask 
was then sealed with a rubber septum. A round-bottomed flask 
was charged with KN(3,5-CF3-C6H3)2 (99.2 mg, 0.207 mmol). 
Dry diethyl ether (8 mL) was then added to dissolve the 
potassium amide, and  the flask was sealed with a rubber septum. The Schlenk flask containing 
complex 2.26 was cooled to -78 oC, and the solution of KN(3,5-CF3-C6H3)2 was transferred via 
N
CF3
CF3
CF3F3C
PdFe
P
P
Ph2
Ph2
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cannula into the cooled Schlenk flask. After the addition of the KN(3,5-CF3-C6H3)2 solution, the 
cooling bath was removed and the reaction was stirred at room temperature for 10 min. During 
this time, most of the solid complex 2.26 was consumed, and precipitated KBr was observed in 
the orange-yellow solution. The orange solution was cooled to -78 oC and then filtered through 
Celite into a Schlenk flask that was also cooled to -78 oC. The Celite was washed with dry 
diethyl ether (20 mL) until the washings were colorless. The Schlenk flask into which the filtrate 
was collected was then removed from the -78 oC bath and placed into a 0 oC bath. The diethyl 
ether was evaporated under reduced pressure at 0 oC. Once the diethyl ether was removed, the 
Schlenk flask was taken into the glovebox, where pentane (10 mL) was added to the orange 
residue. The orange precipitate was filtered from the pentane solution through a fritted funnel. 
The orange-yellow solid was dried in vacuo to afford 160 mg (62%) of 2.08. 1H NMR (500 
MHz, C6D6) δ 3.07 (t, J = 8.5 Hz, 2H), 3.54 (s, 2H), 3.73 (s, 2H), 3.98 (s, 2H), 4.47 (brs, 2H), 
6.68 (m, 5H), 6.85 (t, J = 7.0 Hz, 2H), 6.93 (s, 1H), 7.00 (m, 3H), 7.07 (m, 2H), 7.14 (m 1H), 
7.19 (m, 2H), 7.27 (brs, 3H), 7.35 (m, 5H), 7.44 (d, J = 8.0 Hz, 1H), 7.86 (s, 4H), 8.06 (brs, 4H). 
31P{1H} NMR (202 MHz, C6D6) δ 21.7 (d, J = 42.6 Hz), 33.7 (d, J = 41.2 Hz). 13C{1H} NMR 
(126 MHz, THF-d8) δ 35.6 (d, J = 92.1 Hz), 73.1 (d, J = 5.9 Hz), 74.2 (d, J = 40.1 Hz), 75.0 (d, J 
= 5.9 Hz), 75.9 (d, J = 8.8 Hz), 77.3 (d, J = 11.7 Hz), 78.6 (dd, J = 8.8, 54.8 Hz), 108.7, 119.6 
(brs), 124.1, 124.2, 125.4 (d, J = 5.9 Hz), 125.5, 126.2, 126.6, 127.0, 128.0, 128.6 (d, J = 9.8 
Hz), 128.8 (d, J = 3.8 Hz), 130.1 (d, J = 9.1 Hz), 130.8, 131.3 (d, J = 63.8 Hz), 131.4, 131.9 (d, J 
= 48.0 Hz), 132.5, 134.9 (d, J = 10.7 Hz), 134.6 (dd, J = 1.3,  131.0 Hz), 135.4 (d, J = 8.8 Hz), 
145.6 (d, J = 7.8 Hz), 152.4. 19F{1H} NMR (470 MHz, C6D6) δ -62.6 (relative to CFCl3). Anal. 
Calcd for C61H43F12FeNP2Pd: C, 58.98; H, 3.49; N, 1.13. Found: C, 58.76; H, 3.63; N, 1.36. 
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Reductive elimination from 2.08 in C6D6: A screw-topped NMR tube was charged with complex 
2.08 (10.6 mg, 0.00853 mmol) and DPPF (7.6 mg, 0.014 mmol). Next, C6D6 (about 550 μL) was 
syringed into the NMR tube, followed by trimethoxybenzene (25 μL of a 0.1676 M stock 
solution in C6D6, 0.0042 mmol). An initial 31P{1H} NMR spectrum revealed only complex 2.08 
and DPPF. The sample was heated at 75 oC for 20 min. The amount of product 2.23 formed was 
calculated to be 0.0071 mmol (83%) by 1H NMR spectroscopy.  
 
Preparation of (DPPF)Pd(mesitylmethyl)Br (2.27). 
In a 20 mL scintillation vial, (Cp)Pd(η3-allyl) (110 mg, 0.517 mmol) was 
dissolved in toluene (5 mL). To this solution, a suspension of DPPF (284 
mg, 0.512 mmol) in toluene (5 mL) was added. The solution changed 
from deep red to orange-red in color and became homogeneous. After the 
solution became homogeneous, a solution of 2,4,6-trimethyl-benzylbromide29 (154 mg, 0.531 
mmol) in toluene was added dropwise. A yellow precipitate began to form after about 5 min, 
after which time the thick mixture was manually agitated. The mixture was cooled to -35 oC, and 
the yellow solid was collected by filtration through a fritted funnel. The yellow solid was washed 
with toluene (2 x 5 mL), then with pentane (3 x 10 mL). The yellow solid was dried under 
vacuum to afford 360 mg (81%) of compound 2.27. 1H NMR (500 MHz, CDCl3) δ 1.74 (s, 3H), 
1.97 (s, 6H), 2.70 (d, J = 8.0 Hz, 2H), 3.88 (s, 2H), 4.27 (s, 2H), 4.39 (s, 2H), 4.54 (s, 2H), 6.53 
(s, 2H), 7.08 (br, 4H), 7.41 (br, 8H), 7.50 (br, 8H). 31P{1H} NMR (202 MHz, CDCl3) δ 20.2 (d, J 
= 47.3 Hz), 37.5 (d, J = 47.3 Hz). 13C{1H} NMR (126 MHz, CDCl3) δ 20.8, 21.4, 48.1 (d, J = 
45.2 Hz), 72.9, 73.4, 73.8, 74.3 (d, J = 9.3 Hz), 74.6, 75.8 (d, J = 12.1 Hz), 112.9 (brs), 127.7 (t, 
J = 6.6 Hz), 128.0, 128.8 (t, J = 11.1 Hz), 130.3 (d, J = 37.9 Hz), 131.0 (d, J = 3.8 Hz), 131.2 (d, 
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J = 74.9 Hz),131.5, 132.7 (t, J = 10.2 Hz), 134.7 (t, J = 6.6 Hz), 137.7, 142.6. Anal. Calcd. for 
C44H41BrFeP2Pd: C, 60.47; H, 4.73. Found: C, 60.33; H, 4.61.  
 
 Preparation of (DPPF)Pd(mesitylmethyl)(N(3,5-CF3-C6H3)2) (2.09). 
A Schlenk flask equipped with a magnetic stir bar was charged 
with complex 2.27 (140 mg, 0.159 mmol).  Dry diethyl ether (25 
mL) was added to suspend the yellow solid. The Schlenk flask 
was then sealed with a rubber septum. A round-bottomed flask 
was charged with KN(3,5-CF3-C6H3)2 (75.9 mg, 0.158 mmol). 
Dry diethyl ether (8 mL) was added to dissolve the potassium amide. The flask was then sealed 
with a rubber septum. The Schlenk flask containing complex 2.27 was cooled to -78 oC, and the 
solution of KN(3,5-CF3-C6H3)2 was transferred via cannula into the cooled Schlenk flask. After 
the addition of the KN(3,5-CF3-C6H3)2 solution, the cooling bath was removed and the reaction 
was stirred at room temperature for 10 min. During this time, most of the solid complex 2.27 was 
consumed, and precipitated KBr was observed in the orange-yellow solution. The orange 
solution was cooled to -78 oC and then filtered through Celite into a Schlenk flask that was also 
cooled to -78 oC. The Celite was washed with dry diethyl ether (20 mL) until the washings were 
colorless. The Schlenk flask into which the filtrate was collected was then removed from the -78 
oC bath and placed into a 0 oC bath. The diethyl ether was evaporated under reduced pressure at 
0 oC. Once the diethyl ether was removed, the Schlenk flask was taken into the glovebox, where 
pentane (10 mL) was added to the orange residue. The orange precipitate was filtered from the 
pentane solution through a fritted funnel. The orange-yellow solid was dried in vacuo to afford 
111 mg (57%) of compound 2.09. 1H NMR (500 MHz, C6D6) δ 1.88 (s, 6H), 1.96 (d, J = 2.0 Hz, 
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3H), 2.79 (t,  J = 9.6 Hz, 2H), 3.56 (s, 2H), 3.78 (d, J = 2.0 Hz, 2H), 3.98 (s, 2H), 4.57 (s, 2H), 
6.27 (s, 2H), 6.77 (t, J = 7.2 Hz, 4H), 6.89 (t, J =  7.6 Hz, 2H), 7.08-7.13 (m, 4H), 7.22 (t, J = 7.2 
Hz, 4H), 7.41 (t, J = 8.8 Hz, 4H), 7.60-7.80 (br, 4H), 8.08 (t, J = 8.0 Hz, 4H). 31P{1H} NMR 
(162 MHz, C6D6) δ 20.47 (d, J = 47.6 Hz), 30.9 (d, J = 47.6 Hz). 13C{1H} NMR (126 MHz, 
THF-d8, 0 oC) δ 20.9, 21.8, 32.4 (d, J = 93.1 Hz), 73.3 (d, J = 4.9 Hz), 73.9 (d, J = 36.3 Hz), 75.1 
(d, J = 6.8 Hz), 75.6 (d, J = 8.8 Hz), 76.8 (d, J = 11.7 Hz), 78.2 (dd, J = 7.9, 52.0 Hz), 108.7, 
120.5 (brs), 125.2 (q, J = 273.4 Hz), 128.6 (d, J = 9.8 Hz), 128.8, 129.6 (d, J = 9.7 Hz), 130.7 (q, 
J = 31.4 Hz), 131.4, 132.1 (d, J = 47.0 Hz), 132.2, 132.7 (d, J = 3.9 Hz), 135.0 (d, J = 12.9 Hz), 
135.5 (d, J = 4.9 Hz), 135.7 (d, J = 34.3 Hz), 135.7 (d, J = 10.8 Hz), 142.6 (d, J = 7.8 Hz), 153.5. 
19F{1H} NMR (470 MHz, C6D6) δ -63.3 (t, J = 16.7 Hz). Anal. Calcd for C60H47F12FeNP2Pd: C, 
58.39; H, 3.84; N, 1.13. Found: C, 58.00; H, 4.11; N, 1.20.  
 
Reductive elimination from 2.09 in C6D6: A screw-topped NMR tube was charged with complex 
2.09 (12.7 mg, 0.0103 mmol) and DPPF (6.5 mg, 0.012 mmol). Next, C6D6 (about 550 μL) was 
syringed into the NMR tube, followed by trimethoxybenzene (20 μL of a 0.1676 M stock 
solution in C6D6, 0.0034 mmol). An initial spectrum was taken, and from this 1H NMR spectrum, 
the amount of 2.09 was calculated to be 0.0072 mmol. An initial 31P{1H} NMR spectrum 
revealed only complex 2.09 and DPPF.  Then the reaction was heated at 75 oC for 25 min. The 
amount of product 2.21 formed was calculated to be 0.0018 mmol (25%) and compound 2.22 
was 0.0019 mmol (26%) as determined by 1H NMR. The amount of HN(3,5-CF3-C6H3)2  was 
calculated to be 0.0034 mmol (47%) as determined by GC.  
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Preparation of (DPPF)Pd(Bn)(NH(p-tolyl)) ● 0.08 C7H8 (2.10). 
In a 20 mL scintillation vial, (COD)Pd(Bn)Cl (109 mg, 0.320 
mmol) was dissolved in THF (5 mL). A solution of DPPF (178 mg, 
0.320 mmol) in THF (5 mL) was added to the THF solution of 
(COD)Pd(Bn)Cl, resulting in an orange-colored solution.  A THF 
solution of KNH(p-tolyl) (51.0 mg, 0.352 mmol) was added to the stirred solution of 
(COD)Pd(Bn)Cl and DPPF, causing an immediate color change from orange to red. Following 
20 min of stirring, complete conversion of the halide complex to 2.10 was confirmed by 31P{1H} 
NMR spectroscopy.  The volatile materials were evaporated in vacuo, and the residue was 
triturated with pentane (2 x 10 mL).  The toluene solution was filtered through a plug of Celite. 
Then the Celite was washed with toluene until the washings were colorless. The filtrate was 
concentrated, layered with pentane, and cooled to -35 oC.  After 4 h an orange powder had 
formed. This powder was isolated by filtration, washed with cold pentane and dried under 
vacuum to yield 126 mg (46%) of compound 2.10.  1H NMR (500 MHz, C6D6) δ 1.78 (s, 1H), 
2.33 (s, 3H), 3.35 (d, J = 1.0 Hz, 2H), 3.54-3.61 (m, 4H),  3.94 (s, 2H), 4.43 (s, 2H), 6.87-6.93 
(m, 6H), 7.04-7.12 (m, 11H), 7.26 (t, J = 7.5 Hz, 2H), 7.43 (d, J = 7.0 Hz, 2H), 7.71 (brt, J = 8.5 
Hz, 4H), 8.02 (brt, J = 8.5 Hz, 4H). 31P{1H} NMR (202 MHz, C6D6) δ 10.3 (d, J = 45.7 Hz), 30.7 
(d, J = 45.9 Hz). 13C{1H} NMR (126 MHz, C6D6) 20.9, 40.5 (d, J = 87.5 Hz), 71.5, 73.3 (d, J = 
7.3 Hz), 74.6 (d, J = 6.4 Hz), 76.2 (d, J = 5.5 Hz), 76.6 (d, J = 5.5 Hz), 77.0 (d, J = 27.5 Hz), 
117.6, 118.8, 123.1 (d, J = 3.6 Hz), 127.7 (d, J = 4.5 Hz), 128.3, 128.4 (d, J = 10.2 Hz), 128.6 (d, 
J = 8.3 Hz), 130.1, 130.1, 130.4, 133.9 (d, J = 31.3 Hz), 134.9 (d, J = 11.9 Hz), 135.0 (d, J = 
12.9 Hz), 135.8 (d, J = 46 Hz), 149.1 (d, J = 11.1 Hz), 157.8. Anal. Calcd. for C48H43FeNP2Pd ● 
0.08 C7H8: C, 66.92; H, 5.05; N, 1.61. Found: C, 66.71; H, 5.18; N, 1.51.  
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Reductive elimination from 2.10 in C6D6: A screw-topped NMR tube was charged with complex 
2.10 (10.2 mg, 0.0119 mmol) and DPPF (10.0 mg, 0.0180 mmol). The amount of complex 2.10 
present in the NMR tube was calculated to be 0.0051 mmol from the initial 1H NMR. Next, C6D6 
(about 550 μL) was syringed into the NMR tube, followed by trimethoxybenzene (25 μL of a 
0.1676 M stock solution in C6D6, 0.0042 mmol). An initial 31P{1H} NMR spectrum revealed 
only complex 2.10 and DPPF. Then the reaction was heated at 75 oC for 1 h. The starting 
material fully converted to DPPF2Pd over this time; however, no amine product from reductive 
elimination was observed by GC/MS. Only free H2N(p-tolyl) and bibenzyl were observed by 
GC/MS. The amount of H2N(p-tolyl) formed was determined to be 0.0047 mmol (92%) by 1H 
NMR, and the amount of bibenzyl formed was determined to be 0.0022 mmol (88%) by GC-
FID.  
 
Preparation of (DPPF)Pd(Me)(N(p-tolyl)2) (2.11). 
In a 20 mL scintillation vial, (COD)Pd(Me)Cl (123 mg, 0.465 
mmol) was dissolved in THF (5 mL). A solution of DPPF (261 mg, 
0.470 mmol) in THF (5 mL) was added to the THF solution of 
(COD)Pd(Me)Cl, resulting in an orange-colored solution.  A 
solution of KN(p-tolyl)2 (116 mg, 0.493 mmol) in THF (5 mL) was added to the orange solution. 
Upon addition of the KN(p-tolyl)2, the color of the solution immediately changed from orange to 
crimson. The THF was evaporated in vacuo, and the residue was re-dissolved in benzene (8 mL). 
The benzene solution was filtered through a plug of Celite. Then the Celite was washed with 
benzene until the washings were colorless. The benzene was removed in vacuo, and the residue 
was dissolved in THF (2 mL), layered with pentane (18 mL), and allowed to stand at -35 oC. 
Me
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After 12 h the red crystalline material was filtered and washed with pentanes (3 x 10 mL). The 
crimson solid was then dried in vacuo to afford 326 mg (81%) of compound 2.11. 1H NMR (400 
MHz, C6D6) δ 1.16 (t, J = 6.5 Hz, 3H), 2.29 (s, 6H), 3.61 (s, 2H), 3.67 (s, 2H), 4.05 (s, 2H), 4.67 
(s, 2H), 6.81-6.84 (m, 4H), 6.88-6.91 (m, 2H), 6.98 (d, J = 8.0 Hz, 4H), 7.05-7.08 (m, 6H), 7.54-
7.61 (m, 8H), 7.98 (t, J = 8.0 Hz, 4H). 31P{1H} NMR (202 MHz, C6D6) δ 20.1 (d, J = 30.5 Hz), 
34.7 (d, J = 32.1 Hz). 13C{1H} NMR (126 MHz, THF-d8) δ 13.5 (dd, J = 97.9, 5.8 Hz), 20.9, 
72.0 (d, J = 4.9 Hz), 74.1 (d, J = 5.9 Hz), 75.4 (d, J = 7.8 Hz), 76.1 (d, J = 36.2 Hz), 77.1 (d, J = 
12.7 Hz), 81.6 (dd, J = 48.9, 7.8 Hz), 121.2, 122.6, 128.0 (d, J = 9.7 Hz), 128.9, 129.3 (d, J = 9.7 
Hz), 130.2, 131.3, 133.9 (d, J = 47.0 Hz), 135.2 (d, J = 3.9 Hz), 135.3 (d, J = 3.9 Hz), 136.1 (d, J 
= 34.3 Hz), 153.3. Anal. Calcd for C49H45FeNP2Pd: C, 67.48; H, 5.20; N, 1.61. Found: C, 67.20; 
H, 5.01; N, 1.48  
 
Reductive elimination from 2.11 in C6D6: A screw-topped NMR tube was charged with complex 
2.11 (14.9 mg, 0.0171 mmol) and DPPF (14.1 mg, 0.0254 mmol). Next, C6D6 (about 550 μL) 
was syringed into the NMR tube, followed by trimethoxybenzene (25 μL of a 0.1676 M stock 
solution in C6D6, 0.0042 mmol). An initial 31P{1H} NMR spectrum revealed only complex 2.11 
and DPPF. Then the reaction was heated at 75 oC for 19.5 h. The starting material slowly 
converted to DPPF2Pd over this time (about 53% conversion after 19.5 h); however, no methyl 
diarylamine product from reductive elimination was observed by GC/MS. Only free HN(p-tolyl)2 
(0.0089 mmol, 98%) was observed by GC-FID. 
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Preparation of (BINAP)Pd(Bn)Cl (2.12). 
A 50 mL round-bottomed flask equipped with a stir bar was 
charged with (Cp)Pd(η3-allyl) (248 mg, 1.17 mmol). Then benzene 
(30 mL) was added to dissolve the (Cp)Pd(η3-allyl), resulting in a 
deep-red solution. To the deep-red solution, racemic BINAP (737 
mg, 1.18 mmol) was added as a suspension in benzene (8 mL). The flask was capped with a 
septum and removed from the glovebox.  Benzyl chloride (150 μL, 1.30 mmol) was added 
through the septum via syringe. The solution was heated in an oil bath at 75 oC for 30 min, after 
which time the solution turned from a deep-red to a yellow-orange color. The flask was removed 
from the oil bath, and the solvent was removed by rotary evaporation. Once the benzene was 
removed, the yellow residue was dissolved in CH2Cl2 (5 mL), and then hexane (80 mL) was 
added. The suspension was allowed to stand at -35 oC for 3 h to complete the precipitate of the 
yellow product. The yellow powder was filtered and washed with hexane (3 x 10 mL) and then 
dried in vacuo to afford 985 mg (98%) of compound 2.12.  The solid was stored at room 
temperature in a nitrogen-filled dry box. 1H NMR (500 MHz, C6D6) δ 3.01 (m, 1H), 5.05 (m 
1H), 6.18 (t, J = 6.5 Hz, 2H), 6.37 (t, J = 7.5 Hz , 1H), 6.53-6.41 (m, 5H), 6.60 (t, J = 8.5 Hz, 
2H), 7.25 (m, 3H), 7.25-6.90 (m, 16H), 7.64 (d, J = 7.0 Hz , 2H), 7.79 (m, 4H), 7.97 (t, J = 8.0 
Hz, 2H). 31P{1H} NMR (202 MHz, C6D6) δ 16.63 (d, J = 57.9 Hz), 32.87 (d, J = 57.8 Hz). 
13C{1H}(126 MHz, CD2Cl2) δ 146.3 (d, J = 9.8 Hz), 138.9 (dd, J = 13.7, 2.9 Hz), 137.7 (m), 
134.4, 133.7, 133.6, 133.5, 133.0 (d, J = 6.9 Hz), 132.6, 132.3, 131.9 (d, J = 3.9 Hz), 131.5, 
131.2, 130.9, 130.8, 130.1, 129.8, 129.7, 129.4, 129.0, 126.4, 126.2, 126.1, 124.6, 124.2, 123.9, 
43.7 (dd, J = 91.1, 7.8 Hz), 135.9-135.1, 128.6-127.0 (aromatic carbon resonances; because all 
aryl resonances are inequivalent and couple to phosphorous, these resonances were unresolved). 
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Anal. Calcd for C51H39ClP2Pd: C, 71.59; H, 4.59. Found: C, 71.56; H, 4.64. Complex 12-d1 was 
prepared in the same manner as described above. The diastereomeric ratio was determined to be 
85:15 by 1H NMR spectroscopy.  
 
Preparation of (R)-binaphthyldiamine (2.13). 
(R) NH2
NH2
(R) NH2
NMe2
1. Ac2O, AcOH
2. CH2O, NaBH3CN (R)
N
H
NMe2
tBu
3. HCl
5% Pd(dba)2
4%PtBu3
Ar-Br, NaOtBu
2.132.13a  
Compound 2.13 was synthesized from (R)-(+)-1,1’-binapthyl-2,2’-diamine by following known 
procedures.30 The catalytic coupling to generate 2.13 was adapted from known procedures.31  
Inside a nitrogen-filled glovebox, a 50 mL Schlenk bomb equipped with a magnetic stir bar was 
charged with 2.13a  (47.5 mg, 0.149 mmol). To the Schlenk bomb, PtBu3 (2.3 mg, 0.011 mmol), 
Pd(dba)2 (4.2 mg, 0.0073 mmol),32 4-tBu-bromobenzene (38.0 mg, 0.178 mmol), and NaOtBu 
(26.7 mg, 0.278 mmol) were added, along with toluene (15 mL). The Schlenk bomb was sealed, 
removed from the glovebox, and heated at 75 oC in an oil bath for 12 h. The reaction progress 
was monitored by TLC using 15:1 hexane:ethyl acetate as the eluent. Once the reaction was 
complete, the toluene was evaporated under reduced pressure. The residue was dissolved in the 
eluent and chromatographed on a silica gel column. The product-containing fractions were 
combined, and the solvent was removed by rotary evaporation. The resulting thick residue was 
dried under high vacuum to afford 64.7 mg of a cream-colored crispy foam (97%) of 2.13. 1H 
NMR (400 MHz, CDCl3) δ 1.26 (s, 9H), 2.58 (s, 6H), 5.81 (s, 1H), 6.89 (d, J = 8.8 Hz, 2H), 7.05 
(d, J = 8.4 Hz, 1H), 7.23-7.13(m, 5H), 7.30-7.24 (m, 2H), 7.46 (d, J = 8.8 Hz, 1H), 7.68 (d, J = 
8.8 Hz, 1H), 7.80 (m, 3H), 7.90 (d, J =8.8 Hz, 1H ). 13C{1H} NMR (126 MHz, CDCl3) δ 150.1, 
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144.1, 140.5, 139.4, 134.4, 133.9, 129.7, 129.3, 129.1, 128.2, 127.9, 127.8, 126.4, 126.2, 125.8, 
125.4, 125.1, 123.6, 122.8, 122.3, 120.7, 119.2, 118.8, 118.4, 43.3, 34.0, 31.3. Anal. Calcd. for 
C32H32N2: C, 86.44; H, 7.25; N, 6.30. Found: C, 86.33; H, 7.23; N, 6.48.  
  
Preparation of Potassium (R)-binaphthylamide (2.14). 
 In a nitrogen-filled glovebox, a 20 mL scintillation vial was charged 
with 2.13 (112 mg, 0.252 mmol). Benzene (5 mL) was added, and the 
solution was stirred to dissolve 2.13. A solution of KHMDS (52.7 mg, 
0.264 mmol) in benzene (5 mL) was added to the stirred solution of 
2.13. The resulting solution immediately turned bright red-orange in color, and a precipitate 
formed. The red-orange solid was filtered from the reaction mixture and washed with pentane. 
The solid was dried in vacuo to afford 80.3 mg (66%) of 2.14. 1H NMR (500 MHz, THF-d8) δ 
1.20 (s, 9H), 2.75 (s, 6H), 6.44 (d, J = 9.0 Hz, 1H), 6.61-6.56 (m, 3H), 6.68 (t, J = 7.0 Hz, 1H), 
6.90 (d, J = 8.5 Hz, 2H), 7.18-7.09 (m, 2H), 7.27 (d, J = 9.0 Hz, 1H), 7.33 (d, J = 7.5 Hz, 1H), 
7.41 (d, J = 9.0 Hz, 1H), 7.52 (d, J = 9.0 Hz, 1H), 7.68 (d, J = 8.5 Hz, 2H), 7.73 (d, J = 9.0 Hz, 
1H). 13C{1H} NMR (126 MHz, THF-d8) δ 32.3, 34.2, 43.1, 115.8, 116.9, 119.8, 121.0, 121.2, 
122.0, 122.8, 123.7, 124.8, 126.0, 126.4, 126.5, 127.1, 127.9, 128.0, 128.9, 129.6, 130.4, 135.6, 
135.9, 137.1, 150.5, 156.9, 157.0.  
 
Preparation of (BINAP)Pd(Bn)((R)-(binaphthylamido) (2.15). 
Complex 2.15 was unstable at room temperature and could not be isolated; therefore, the 
characterization was performed at low temperature. Into a screw-topped NMR tube with a PFTE 
septum, amide 2.14 (27.0 mg, 0.0554 mmol) was added. About 150 μL of THF-d8 was then 
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added to the NMR tube to dissolve amide 2.14. Complex 2.12 (46.6 mg, 0.0544 mmol) was 
dissolved in 250 μL of THF-d8, and the solution was drawn 
into a gas-tight syringe that was then capped with a silicone 
plug. The NMR tube containing 2.14 was cooled to -78 oC, 
and then the solution of 2.12 was injected through the septum 
into the cooled NMR tube. The resulting mixture was 
thoroughly mixed by inverting the NMR tube. The solution immediately changed to a deep-green 
color that corresponded to the formation of 2.15.  Complex 2.15 was generated in 56% yield. 1H 
NMR (400 MHz, THF-d8, -50 oC) δ 1.22 (s, 9H), 2.25 (s, 6H), 2.64 (brs (benzylic), 1H), 4.42 (d 
(aryl), J = 8.4 Hz, 1H ), 4.77 (dd (benzylic), JPH = 13.0 Hz, JHH = 7.8 Hz, 1H), 5.00 (d (aryl), J = 
8.4 Hz, 1H), 5.76 (br, 1H), 5.91 (t, J = 8.8 Hz, 1H), 6.10-8.0 (m; 47H) (because all aryl proton 
resonances are inequivalent and couple to phosphorous, these resonances were unresolved), 8.15 
(br, 1H), 8.54 (d, J = 8.8 Hz, 1H). 31P{1H} NMR (162 MHz, THF-d8, -50 oC): δ 18.9 (d, J = 38.2 
Hz), 30.6 (d, J = 38.2 Hz).13C{1H} NMR (151 MHz, THF-d8, -60 oC) δ 30.1, 32.1, 34.1, 43.8,  
113.5, 118.5, 118.9, 119.4, 122.1, 122.7, 122.9, 123.1, 124.3, 125.2, 125.7, 126.1-134.5 
(aromatic carbon resonances; because all aryl resonances are inequivalent and couple to 
phosphorous, these resonances were unresolved), 135.9, 138.1, 138.4, 139.5, 141.8 (d, J = 9.1 
Hz), 148.6, 150.0, 150.7, 151.6. Complex 2.15-d1 was prepared in the same manner starting from 
complex 2.12-d1.  
 
Reductive elimination from 2.15 in C6D6: An NMR tube was charged with complex 2.12 (13.9 
mg, 0.0162 mmol), BINAP (20.5 mg, 0.0329 mmol), 2.14 (11.0 mg, 0.0227 mmol), and 1,3,5-
trioxane (2.6 mg, 0.029 mmol). Next, C6D6 (about 550 μL) was syringed into the NMR tube. The 
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NMR tube was then quickly removed from the glovebox, frozen in liquid nitrogen, and flame 
sealed. The reaction was allowed to warm to room temperature, and after 1 h the product 2.16 
(0.013 mmol, 80%) was observed by 1H NMR spectroscopy.  
 
Preparation of N-benzyl binaphthylamine (2.16).  
 A 4 dram vial was charged with 2.14 (49.6 mg, 0.102 mmol) and a 
magnetic stir bar. THF (1 mL) was added to dissolve amide 2.14, and 
then benzyl chloride (15 μL, 0.13 mmol) was added. The vial was 
sealed with a Teflon-lined cap. The reaction was heated at 65 oC for 
13 h, after which time the red color had dissipated.  Compound 2.16 was isolated by preparatory 
TLC with 97:3 hexane:diethyl ether as the eluent. The residual solvent was removed under high 
vacuum to afford 21.6 mg (39%) of 2.16 as a white, crispy foam. 1H NMR (500 MHz, C6D6) δ 
1.21 (s, 9H), 2.18 (s, 6H), 4.20 (d, J = 17.5 Hz, 1H), 4.52 (d, J = 17.5 Hz, 1H), 6.71-6.72 (m, 
2H), 6.78-6.81 (m, 2H), 6.86-6.89 (m, 4H), 6.98-7.01 (m, 1H), 7.04-7.07 (m, 3H), 7.18-7.22 (m, 
3H), 7.43 (d, J = 9.0 Hz, 1H), 7.60-7.65 (m, 3H), 7.67-7.69 (m, 2H). 13C{1H} NMR (126 MHz, 
CDCl3) δ 31.5, 33.7, 43.4, 54.8, 115.2, 119.5, 123.3, 124.7, 125.0, 125.1, 125.3, 125.8, 126.1 
(two carbons), 126.3, 126.8, 127.7, 127.8, 127.9, 128.5, 128.8, 128.9, 129.7, 131.8, 132.9, 134.0, 
135.2, 139.4, 140.0, 145.6, 146.1, 150.5. The identity of the overlapping signal in the 13C NMR 
spectrum was assigned by collecting a 1H-13C HMQC spectrum. Anal. Calcd. for C39H38N2: C, 
87.60; H, 7.16; N, 5.24. Found: C, 87.34; H, 7.16; N, 5.08. Compound 2.16-d1 was prepared by 
substitution of (S)-α-deuterio-benzyl chloride for benzyl chloride in the reaction.  
N
NMe2
tBu
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Preparation of BnN(4-OMe-C6H4)2 (2.17).  
In a glovebox, a 4 mL scintillation vial equipped with a stir bar 
was charged with KN(4-OMe-C6H4)2 (80 mg, 0.30 mmol). THF 
(3 mL) was added to dissolve the amide.  Benzyl bromide (56 
mg, 0.33 mmol) was added to the reaction vial dropwise.  The 
suspension was stirred overnight, after which time the reaction was light yellow in color and 
contained a white precipitate. The solution was removed from the glovebox and filtered through 
a plug of Celite.  The Celite was then rinsed with THF (5 mL). The solvent was removed by 
rotary evaporation to afford 70 mg (73%) of 2.17. The spectral data matched that previously 
reported.33 
   
Preparation of BnN(p-tolyl)2 (2.18). 
In a glovebox, a 4 mL scintillation vial equipped with a stir bar was 
charged with KN(p-tolyl)2 (102 mg, 0.433 mmol). THF (3 mL) was 
added to dissolve the amide.  Benzyl bromide (55 μL, 0.46 mmol) was 
added to the reaction vial dropwise.  The suspension was stirred 
overnight, after which time the reaction was light yellow in color and contained a white 
precipitate. The solution was removed from the glovebox and filtered through a plug of Celite.  
The Celite was then rinsed with THF (5 mL). The solvent was removed by rotary evaporation to 
afford a yellow oil. The crude material was purified by silica gel column chromatography using a 
15:1 mixture of hexane:ethyl acteate as the eluent. The solvent was evaporated to yield 103 mg 
(83%) of 2.18 as an off-white powder. The solid 2.18 was stored under an inert atmosphere 
because the solid began to turn brown in color when stored outside the glovebox. 1H NMR (500 
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MHz, CDCl3) δ 2.28 (s, 6H), 4.95(s, 2H), 6.95 (m, 4H), 7.03 (s, 3H), 7.05 (s, 1H), 7.23-7.20 (m, 
1H), 7.36-7.28 (m, 4H). 13C{1H} NMR (126 MHz, CDCl3) δ 20.6, 56.4, 120.5, 126.7, 126.6, 
128.4, 129.7, 130.4, 139.4, 145.9. Anal. Calcd. for C21H21N: C, 87.76; H, 7.36; N, 4.87. Found: 
, 87.44; H, 7.32; N, 4.89.  
Preparation of BnN(4-Cl
6) δ 4.38(s, 2H), 6.94-6.98 (m, 4H), 6.56-6.59 (m, 4H), 
.01-7.02 (m, 3H), 7.07-7.10 (m, 2H).34  
3
C
 
-C6H4)2 (2.19). 
In a glovebox, a 4 mL scintillation vial equipped with a stir bar was 
charged with KN(4-Cl-C6H4)2 (99 mg, 0.36 mmol). THF (3 mL) was 
added to dissolve the amide.  Benzyl bromide (62 mg, 0.36 mmol) 
was added to the reaction vial dropwise.  The suspension was stirred 
overnight, after which time the reaction was light yellow in color and contained a white 
precipitate. The solution was removed from the glovebox and filtered through a plug of Celite.  
The Celite was then rinsed with THF (5 mL). The crude material was purified by silica gel 
column chromatography using a hexane as the eluent. The solvent was evaporated to yield 89 mg 
(75%) of 2.19.  1H NMR (500 MHz, C6D
7
 
Preparation of Bn-N(4-CF -C6H4)2 (2.20). 
In a glovebox, a 50 mL round-bottomed flask equipped with a stir 
bar was charged with KH (14 mg, 0.34 mmol); 5 mL of THF was 
added to suspend the KH, and finally the flask was sealed with a 
rubber septum. A 5 dram vial was charged with HN(4-CF3-C6H4)2  
(104 mg, 0.340 mmol). A separate 5 dram vial was charged with benzyl bromide (70 mg, 0.41 
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mmol). Next, 1 mL of THF was added to each of the 5 dram vials. Once the contents of each vial 
had dissolved, the solutions were drawn into 1 mL syringes. The flask containing the KH 
suspension was cooled to -78 oC, and then the HN(4-CF3-C6H4)2 solution was injected through 
the septum. Once the solution of HN(4-CF3-C6H4)2 was added to the KH suspension, the mixture 
was stirred at -78 oC for 30 min. Next, the benzyl bromide solution was added to the solution of 
KH and HN(4-CF3-C6H4)2. The reaction was stirred and allowed to slowly warm to room 
temperature overnight, after which time the reaction appeared pale yellow with a white 
precipitate. The reaction was filtered through Celite and washed with THF. Next, the solvent was 
removed to afford a yellow, oily residue. The crude material was purified by silica gel column 
chromatography using hexane as the eluent. The solvent was evaporated from the product-
containing fractions to yield 115 mg (86%) of 2.20 as a colorless oil. 1H NMR (400 MHz, 
CDCl3) δ 5.07 (s, 2H), 7.18 (d, J = 8.4 Hz, 4H), 7.27-7.35 (m, 5H), 7.50 (d, J = 8.4 Hz, 4H). 
13C{1H} NMR (126 MHz, CDCl3) δ 56.0, 120.4, 123.9 (q, J = 33.0 Hz), 124.3 (q, J = 272.0 Hz), 
126.3, 126.7 (q, J = 3.7 Hz), 127.4, 128.9, 137.5, 149.9. 19F{1H} (376MHz, CDCl3): δ -62.3. 
nal. Calcd. for C21H15F6N: C, 63.80; H, 3.82; N, 3.54, 4.44. Found: C, 64.14; H, 3.80; N, 3.30. A
 
Preparation of Bn(N(3,5-CF3-C6H3)2) (2.21). 
In a glovebox, a 4 mL scintillation vial equipped with a stir bar was 
charged with KN(3,5-CF3-C6H3)2 (104 mg, 0.218 mmol).  THF (3 
mL) was added to dissolve the amide.  Benzyl bromide (30 μL, 
0.25 mmol) was added to the reaction vial dropwise.  The 
suspension was stirred for 4 h, after which time the yellow color of the solution had dissipated. 
The solution was removed from the glovebox, filtered through a plug of Celite, and the Celite 
NF3C CF3
CF3 CF3
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was rinsed with THF (5 mL). The solvent was removed by rotary evaporation to afford a pale-
yellow oil. The crude material was purified by silica gel column chromatography using a 15:1 
mixture of hexane:ethyl acetate as the eluent. The solvent was evaporated from the product-
containing fractions to yield 59.0 mg (51%) of 2.21 as a white powder. 1H NMR (400 MHz, 
CDCl3) δ 5.1 (s, 2H), 7.29 (m, 3H), 7.36 (m, 2H), 7.48 (s, 4H), 7.52 (s, 2H). 13C{1H} NMR (126 
MHz, CDCl3) δ 56.6, 116.3 (sep, J = 3.8 Hz), 120.6 (d, J = 2.8 Hz), 123.0 (q, J = 273 Hz), 126.5, 
128.1, 129.2, 133.3 (q, J = 34.1 Hz), 135.9, 147.9. 19F{1H} NMR (376 MHz, CDCl3) δ -64.3. 
nal. Calcd. for C23H13F12N: C, 51.99; H, 2.47; F, 42.91; N, 2.64. Found: C, 51.88; H, 2.27; N, 
(C
yield 178 mg (81%) of 2.22 as a cream-colored solid. 1H NMR (400 MHz, CDCl3) δ 2.23 (s, 
A
2.72.  
 
Preparation of Bn-N 6H3-3,5-Me)2 (2.22). 
In a glovebox, a 20 mL scintillation vial equipped with a stir bar was 
charged with KN(3,5-CH3-C6H3)2  (184 mg, 0.700 mmol). A separate vial 
was charged with benzyl bromide (127 mg, 0.743 mmol). Next, 5 mL of 
THF was added to dissolve the contents of each vial. The benzyl bromide 
solution was added dropwise to the solution of KN(3,5-CH3-C6H3)2. The reaction was stirred for 
10 min, after which time it appeared pale, cloudy yellow. The suspension was removed from the 
glovebox, and the solvent was evaporated under reduced pressure. The residue was dissolved in 
CH2Cl2, and then the solution was filtered through a plug of Celite. The CH2Cl2 was evaporated 
under reduced pressure to afford yellow oil. The crude material was purified by silica gel column 
chromatography using hexane to elute the excess benzyl bromide and 5% ethyl acetate in hexane 
to elute compound 2.22. The solvent was evaporated from the product-containing fractions to 
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12H), 4.95 (s, 2H), 6.59 (s, 2H), 6.69 (s, 4H), 7.22 (m, 1H), 7.31 (m, 2H), 7.34 (m, 2H). 13C{1H} 
NMR (126 MHz, CDCl3) δ 21.4, 56.3, 118.5, 123.1, 126.4, 126.5, 128.4, 138.6, 139.5, 148.3. 
nal. Calcd. for C23H25N: C, 87.57; H, 7.99; N, 4.44. Found: C, 87.44; H, 7.93; N, 4.61. 
m
Cl3). Anal. Calcd. for C27H15F12N: C, 55.78; H, 2.60; N, 2.41. Found: C, 56.16; H, 2.80; N, 
A
 
Preparation of (2-naphthyl ethyl)-(N(3,5-CF3-C6H3)2) (2.23). 
In a glovebox, a 20 mL scintillation vial equipped with a stir bar 
was charged with 2-bromomethylnaphthalene (40.5 mg, 0.183 
mmol). A separate vial was charged with KN(3,5-CF3-C6H3)2 (88.2 
mg, 0.184 mmol), and then the amide was dissolved in THF (5 
mL). The potassium amide solution was added dropwise to the vial 
containing the 2-bromomethylnaphthalene. The reaction was stirred for 12 h, after which time it 
appeared pale, cloudy yellow. The suspension was removed from the glovebox, filtered through 
a plug of Celite, and the Celite was rinsed with THF (5 mL). The solvent was removed by rotary 
evaporation to afford a pale, yellow-green oil. The crude material was purified by silica gel 
column chromatography using 10% ethyl acetate in hexane as the eluent. The solvent was 
evaporated from the product-containing fractions to yield 62 mg (58%) of 2.23 as a white 
powder. 1H NMR (400 MHz, CDCl3) δ 5.26 (s, 2H), 7.39 (dd, J = 1.2, 8.4 Hz, 1H), 7.50 (m, 2H), 
7.53 (s, 2H), 7.56 (s, 4H), 7.71 (s, 1H), 7.78 (m, 1H), 7.84 (m, 1H), 7.87 (d, J = 8.4 Hz, 1H). 
13C{1H} NMR (126 MHz, CDCl3) δ 56.7, 116.3 (t, J = 3.9 Hz), 120.6, 122.9 (q, J = 274.3 Hz), 
124.1, 125.5, 126.4, 126.7, 127.7, 127.8, 129.3, 132.9 (d, J = 4.0 Hz), 133.2 (d, J = 6.8 Hz), 
133.4 (d, J = 7.8 Hz), 133.7, 147.9. 19F{1H} NMR (376 MHz, CDCl3) δ -63.45 (relative to C6F6 
in CD
NF3C CF3
CF3 CF3
2.42. 
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Preparation of (2,4,6-Me)-B
COOH in D2O). Anal. Calcd. for C26H19F12N: C, 54.46; H, 3.34; N, 2.44. Found: C, 54.19; 
, 3.33; N, 2.44. 
nN(3,5-CF3-C6H3)2 (2.24). 
In a glovebox, a 20 mL scintillation vial equipped with a stir bar 
was charged with 2,4,6-trimethyl-benzyl bromide (59 mg, 0.21 
mmol). A separate vial was charged with KN(3,5-CF3-C6H3)2 (171 
mg, 0.357 mmol), and then the amide was dissolved in THF (5 
mL). The potassium amide solution was added dropwise to the vial 
containing the 2,4,6-trimethyl-benzyl bromide. The reaction was stirred for 30 min, after which 
time it appeared pale, cloudy yellow. The suspension was removed from the glovebox, filtered 
through a plug of Celite, and the Celite was rinsed with THF (5 mL). The solvent was removed 
by rotary evaporation to afford a colorless oil. The crude material was purified by silica gel 
column chromatography using hexane as the eluent. The solvent was evaporated to yield 109 mg 
(92%) of 2.24 product as a white powder. 1H NMR (400 MHz, CDCl3) δ 2.04 (s, 6H), 2.23 (s, 
3H), 4.67 (s, 2H), 6.78 (s, 2H), 7.17 (s, 4H), 7.52 (s, 2H). 13C{1H} NMR (126 MHz, CDCl3) δ 
19.5, 20.7, 49.4, 116.8 (sep, J = 3.6 Hz), 122.5 (d, J = 3.6 Hz), 123.0 (q, J = 273 Hz), 128.6, 
129.4, 132.7 (q, J = 33.3Hz),137.7, 138.8, 148.3. 19F NMR (376 MHz, CDCl3) δ -64.09 (relative 
to CF3
NF3C CF3
H
 
Preparation of (2,3,5-Me)-BnN(C6H3-3,5-CF3)2 (2.25). 
In a glovebox, a 20 mL scintillation vial equipped with a stir bar was charged with 2.27 (77 mg, 
0.088 mmol) and DPPF (55 mg, 0.99 mmol). A separate vial was charged with KN(3,5-CF3-
C6H3)2 (50 mg, 0.10 mmol), and then the amide was dissolved in THF (5 mL). The potassium 
amide solution was added dropwise to the vial containing 2.27. The reaction was then stirred and 
CF3 CF3
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heated at 65 oC for 30 min, after which time it appeared yellow-
orange in color. The solvent was removed by rotary evaporation to 
afford an orange residue. The crude material was purified by 
preparative thin-layer chromatography using 3% diethyl either in 
hexane as the eluent. The product was then cut from the TLC plate 
and eluted from the silica using CH2Cl2. This afforded a mixture of compound 2.24 and 
compound 2.25. 1H NMR (500 MHz, C6D6) δ 1.71 (s 3H), 1.94 (s, 3H), 1.95 (s, 3H), 4.20 (s, 
2H), 6.63 (s, 2H), 7.26 (s, 4H), 7.33 (s, 2H). 13C{1H} NMR (126 MHz, CDCl3) δ 14.2, 20.2, 
20.8, 49.4, 116.6 (sept, J = 3.8 Hz), 120.7, 123.0 (q, J = 274 Hz), 124.9, 1
NF3C CF3
CF3 CF3
25.8, 130.5, 130.7, 
33.1 (q, J = 33.1 Hz), 132.9, 135.5, 147.9. 19F{1H} NMR (376 MHz, CDCl3) δ -63.70 (relative 
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3
Chapter 3: C(sp3)-O Bond-Forming Reductive Elimination of Ethers. Reactions of 
Bisphosphine-Ligated Benzylpalladium(II) Aryloxide Complexes.* 
______________________________________________________________________________ 
 
3.1 Introduction  
The formation of ether linkages can be accomplished by several different methods 
utilizing and acid or metal catalyst, or by classic synthetic organic transformations. The 
dehydration of alcohols to ethers is performed in the liquid phase with an acid catalyst, or in the 
gas phase with an alumina catalyst.1 The classic organic Williamson ether synthesis is the 
reaction of an alkyl halide with an alkoxide. The metal-mediated cross-coupling reactions 
between an aryl halide and an alcohol or phenol have been developed as the Ullmann,2, 3 Chan-
Lam,4 and Buchwald-Hartwig5-7 cross-coupling methodologies. Finally, the most atom-
economical method is the direct addition of an alcohol across an olefin, which is catalyzed by an 
acidic ion-exchange resin.1  
The metal-mediated addition of an alcohol across an olefin with linear selectivity would 
be an industrially relevant transformation. The product release step of this type of process would 
involve the reductive elimination from an alkylmetal alkoxide complex. Yet, complexes that 
perform this transformation have rarely been isolated. All of the known C(sp3)-O reductive 
elimination reactions from alkoxide or aryloxide complexes occur from  metal centers in 
oxidation states higher than palladium(II), despite the diversity of reductive elimination 
processes that occur from palladium(II).  
                                                 
* Part of this chapter was previously published as S. L. Marquard, J. F. Hartwig, Angew. Chem. Int. Ed. 
2011, 50, 7119. 
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Goldberg et al. reported reductive elimination of alkyl acetates and alkyl aryl ethers from 
alkylplatinum(IV) centers.8, 9 Reductive eliminations from methylplatinum(IV) acetate and 
aryloxide complexes occur by a mechanism involving ionic intermediates (Scheme 3.01). 
 
 
Scheme 3.01 Reductive elimination from a Pt(IV) aryloxide complex to form methyl ethers. 
 
In contrast, platinum(IV) metallaoxetanes are proposed to undergo reductive elimination 
to form epoxides by a concerted pathway.10 The concerted mechanism proposed is due to the 
constrained geometry of the oxametallacyclobutane intermediate, thus preventing a mechanism 
involving SN2 backside attack (Equation 3.01). 
 
 
 
Hillhouse et al. reported the reductive elimination of tetrahydrofuran and tetrahydropyran 
from oxametallacyclic Ni(II) complexes.11 These reactions occur after the Ni(II) complex is 
allowed to react with an oxidant to generate a Ni(III) intermediate. The yield of the cyclized 
product is low, but no cyclized product was observed without the addition of an oxidant 
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(Equations 3.02 and 3.03). Formation of the C(sp3)-O bond occurs by either homolysis or 
heterolysis of the Ni-O bond, similar to the C(sp3)-N reductive elimination transformations 
discussed in Chapter 2.  
 
 
 
 
 
Atwood et al. reported that a methyliridium(III) hydroxo complex undergoes C(sp3)-O 
reductive elimination to form methanol at 0 oC, and added methyl iodide was claimed to be a trap 
for the Ir(I) product.12 Further investigations by Hartwig et al. have shown that the PPh3 
analogue of the Ir(III) complex was stable at room temperature, and no reductive elimination was 
observed from this complex even after heating at 65 oC.7 The methyliridium(III) hydroxo 
complex reacted with CD3-I to form methanol-d3 (Scheme 3.02). The formation of methanol-d3 
results from alkylation of the hydroxo ligand rather than C(sp3)-O reductive elimination from the 
iridium(III) complex.  
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 Scheme 3.02 Revised mechanism of methanol formation from an Ir(III) complex, not by reductive 
elimination. 
 
The microscopic reverse of reductive elimination, the oxidative addition of a C(sp3)-O 
bond, has been reported by Yamamoto et al.13 The oxidative addition of benzyl trifluoroacetate 
to Pd(0) was studied as part of a catalytic Heck benzylation of olefins (Equation 3.04). The 
trifluoroacetate ligand is proposed to dissociate from the Pd(II) center in polar solvents and at 
higher temperatures. Collapse of the charge-separated pair results in either the cis or trans 
isomer, providing a mode for isomerization (Scheme 3.03).  
 
 
 
 
Scheme 3.03 Proposed mechanism of cis/trans isomerization of a benzylpalladium trifluoroacetate 
complex. 
 
An alkylrhodium porhphyrin complex that contains a pendant nucleophile on the alkyl 
chain was observed by Groves et al. to form cyclic ethers.14, 15 When the pendant nucleophile is 
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deprotonated, attack at the Rh-alkyl bond occurs to generate a cyclic ether or amine (Scheme 
3.04). The rhodium prophyrin complex was unable to serve as a catalyst for the intramolecular 
hydroamination or hydroalkoxylation due to the necessity of employing strong base and strong 
acid at different steps in the proposed catalytic cycle.14 This type of reaction differs from the 
reductive elimination reactions from other complexes because the heteroatom nucleophile is 
never bound to the rhodium center. However, this report serves as another example of a reaction 
of an alkylmetal complex that proceeds by an outer-sphere ionic mechanism. 
 
Rh
N N
NN
H
[(TPP)RhI]-
H+
Nu
+ H+
(TPP)RhIII
H
H-Nu
H-Nu
 
Scheme 3.04 Rhodium-mediated cyclization of unsaturated amines and alcohols.  
 
Evidence for a mechanism involving backside attack on the alkyl ligand is provided by 
the stereochemical outcome of the cyclization process. First, a Rh(I) porphyrin anionic complex 
was allowed to react with a diastereomerically defined epoxide to afford the alkylrhodium(III) 
complex.15 When the alkylrhodium(III) complex was treated with a base, the deprotonated 
pendant alcohol attacks the Rh-alkyl bond to generate an epoxide and the rhodium anion. Only a 
double-inversion or double-retention reaction mechanism would result in the same 
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stereochemical configuration of the product and of the substrate. The opening of the epoxide 
product was demonstrated to proceed with inversion of configuration by a 1H NMR decoupling 
experiment. These data implicate a double-inversion reaction mechanism for the formation of the 
epoxide product (Scheme 3.05).  
RhIII
O-
D H
H C4H9
RhI
O
H C4H9
HD
RhIII
C4H9
D OH
H H
RhI
KOtBu, 18-crown-6
-
-
 
Scheme 3.05 Nucleophilic attack on an alkylrhodium(III) complex occurs with inversion of 
configuration.  
 
Finally, high-valent metal complexes are known to form C(sp3)-O bonds in the catalytic 
dioxygenation or amino-oxygenation of alkenes.  Palladium-catalyzed aminoacetoxylation 
protocols have been proposed to form the C(sp3)-O bond by both an ionic mechanism and a 
concerted mechanism. Stahl and coworkers reported a Pd(II)-Pd(IV) catalyst for the 
intermolecular aminoacetoxylation of olefins. A pathway involving cis-aminopalladation occurs, 
and then the Pd(II) complex is oxidized by PhI(OAc)2 to Pd(IV).16 The Pd(IV) complex is then 
proposed to undergo reductive elimination by an ionic mechanism (Scheme 3.06). The 
assignment that reductive elimination occurs by a mechanism involving inversion of 
configuration is in agreement with previous reports of C(sp3)-O reductive elimination from 
Pt(IV) complexes.8, 9  
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 Scheme 3.06 A proposed ionic C-O reductive elimination occurs from Pd(IV) during an 
aminoacetoxylation reaction. 
 
Sanford et al. also reported a Pd(II)-Pd(IV) catalyst for the aminooxygenation of olefins. 
First, cis-aminopalladation occurs,  and then the resulting Pd(II) complex is oxidized by 
PhI(OAc)2 to Pd(IV).17 In contrast, the Pd(IV) complex is proposed to undergo reductive 
elimination by a concerted mechanism (Scheme 3.07). The assignment that reductive elimination 
occurs by a concerted mechanism for Pd(IV) is in contrast to previous reports of reductive 
elimination from alkylplatinum(IV)8, 9 and other alkylpalladium(IV)16 complexes, which are 
proposed to undergo reductive elimination by an ionic mechanism.  
 
 
Scheme 3.07 A proposed concerted C-O reductive elimination occurs from Pd(IV) during an 
aminoacetoxylation reaction. 
 
Thus far, only high-valent Pt(IV), Pd(IV) or Ni(III) complexes have been demonstrated to 
undergo C(sp3)-O reductive elimination. Here, we report thermal reductive eliminations from 
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palladium(II) aryloxide complexes to form a C(sp3)-O bond, and a series of experiments provide 
mechanistic insight. The stereochemical outcome of the reaction indicates an ionic pathway, but 
the process lacks many of the effects of electronic and solvent perturbations that typically signal 
an ionic intermediate. In short, our data show that the mechanism of this reaction is more akin to 
reductive eliminations to form C(sp3)-N bonds from palladium(II) than those that form C(sp2)-O 
bonds from palladium(II) or any type of C-O or C-N bond from higher-valent metal centers, but 
indicate that substantial differences exist between reductive eliminations to form the C(sp3) 
bonds in ethers and amines from palladium(II).  
 
3.2 Results and Discussion 
We previously reported reductive elimination reactions that form the C(sp3)-N bond of  
N-benzyldiarylamines, and provided evidence that these reactions occur by a stepwise process 
through ionic intermediates.18 Because of the differences in stabilities of alkoxide and amide 
anions, differences in abilities of low- and high-valent complexes to cleave to form ion pairs, 
differences in nucleophilicities of alkoxides and amides, and differences in the stabilities of 
nitrogen- and oxygen-centered radicals, the relationship between the mechanisms of reductive 
eliminations to form C(sp3)-N and C(sp3)-O bonds from low-valent and high-valent metal centers 
is difficult to predict. Thus, we sought to identify palladium(II) complexes that would undergo 
reductive elimination to form C(sp3)-O bonds in ethers and to gain mechanistic information that 
would allow comparisons to be made to the mechanisms of other types of reductive eliminations.  
After a survey of complexes containing different phosphine ligands, we found that 
benzylpalladium aryloxide complexes ligated by DPPF displayed the appropriate balance of 
stability, reactivity, and synthetic accessibility to observe reductive eliminations that form 
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C(sp3)-O bonds from fully characterized complexes. DPPF-ligated benzylpalladium aryloxide 
complexes 3.01-3.10 were synthesized as shown in Scheme 3.08. Benzyl complexes 3.01-3.06 
were prepared by allowing (COD)Pd(Bn)Cl19 to react with DPPF, followed by the potassium 
aryloxide in THF. Naphthylmethyl and mesitylmethyl complexes 3.07 and 3.08 were synthesized 
by allowing (Cp)Pd(η3-allyl)20 to react with DPPF, followed by the naphthylmethyl or 
mesitylmethyl bromide. These bromide precursors were then converted to the aryloxide 
complexes by reaction with the potassium aryloxide in diethyl ether or THF.  The acetate 
complex 3.09 was prepared by allowing (COD)Pd(Bn)Cl to react with DPPF, followed by the 
addition of silver acetate in THF. Methylpalladium aryloxide complex 3.10  was synthesized by 
the reaction of (COD)Pd(Me)Cl21 with DPPF, followed by addition of the potassium aryloxide. 
Complexes 3.01-3.10 were characterized by conventional one-dimensional 1H, 13C{1H}, 
31P{1H}, and 19F{1H} NMR spectroscopic methods and elemental analysis. 
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Scheme 3.08 Synthesis of (DPPF)Pd(Bn)(OR) complexes and (DPPF)Pd(Me)(OAr).  
 
To assess the ability of complexes 3.01-3.10 to undergo reductive elimination, benzene 
solutions of these complexes were heated in the presence of excess DPPF to trap the Pd(0) 
product. As shown in Table 3.01, benzyl complexes 3.01-3.06 and naphthylmethyl complex 3.07 
underwent reductive elimination in high yields. The mesitylmethyl complex 3.08 also underwent 
reductive elimination, in this case to form a mixture of the 2,4,6-trimethylbenzyl ether (65%) and 
the isomeric 2,3,5-trimethylbenzyl ether (35%). The acetate complex 3.09 underwent reductive 
elimination more slowly than did any of the other complexes studied, perhaps reflecting the 
importance of the nucleophilicity of the conjugate base. The observed reductive elimination of 
complex 3.09 contrasts with the previously described oxidative addition of benzyl 
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trifluoroacetate to Pd(0).13 The less hindered methyl complex 3.10 did not form products from 
reductive elimination when heated for extended reaction times at 70 oC; instead methane and free 
phenol (95%) were observed. The source of the protons and electrons remains unclear at this 
time. Heating a benzene solution of complex 3.10 with DPPF and trimethoxybenzene in a flame-
sealed NMR tube generated Pd(0) as the only product observable by 31P{1H} NMR 
spectroscopy. Ethane, which could result from a disproportionation reaction followed by 
reductive elimination, was not observed by 1H NMR spectroscopy. 
 
Table 3.01 Reductive elimination from benzylpalladium aryloxide complexes. 
 
Complex R1 R2 kobs (104 s-1) 
Yield 
(%)a 
3.01 Ph 4-OMe-C6H4 2.4 94 
3.02 Ph 4-Me-C6H4 2.8 73 
3.03 Ph 4-Cl-C6H4 3.3 84 
3.04 Ph 4-CF3-C6H4 2.6 92 
3.05 Ph 3,5-CF3-C6H3 2.6 79 
3.06 Ph 3,5-CH3-C6H3 1.7 75 
3.07 Naphthyl 3,5-CF3-C6H3 3.8 99b 
3.08 Mesityl 3,5-CF3-C6H3 14 100c,d 
3.09 Ph Ac 0.68 64 
3.10 H 4-OMe-C6H4 - 0e 
a Yields were determined by 1H NMR spectroscopy, relative to 
trimethoxybenzene as an internal standard on reactions conducted in benzene-
d6 at 70 oC, unless otherwise noted.b Reaction conducted  at 30 oC. c Reaction 
conducted at 55 oC. d The products were a mixuture of the 2,4,6-
trimethylbenzyl ether and the 2,3,5-trimethylbenzyl ether.  
e Hexamethylbenzene was used as an internal standard. 
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To distinguish between reductive elimination from complexes 3.01-3.09 through 
concerted, ionic or radical pathways, we studied reactions in the presence of a trap for a phenoxy 
radical and prepared a diastereomeric benzylpalladium aryloxide complex that enabled us to 
determine the relative configuration of the benzylic carbon atom in the reactant and product.  
Reductive elimination from complex 3.02 in the presence and absence of 2 equiv of BHT 
(butylated hydroxytoluene) as a radical trap occurred with indistinguishable rate constants of 
2.8×10-4 s-1 and 2.9×10-4 s-1. The rate of BHT recombination with a phenoxy radical is expected 
to be about 1×107 M-1 s-1.22 Although rapid trapping of a potential phenoxy radical with the metal 
complex could be occurring, these data and stereochemical data argue against the intermediacy 
of a phenoxy radical. 
To determine the relative configuration of the palladium-bound carbon in the reactant and 
product, we prepared a monodeuterated benzylpalladium aryloxide complex containing a chiral, 
non-racemic aryloxide and bisphosphine. The presence of a chiral, non-racemic bisphosphine 
ligand allowed us to determine the relative ratio of benzylpalladium halide precursor of the (R) 
and (S) configuration at the benzylic position. The inclusion of a chiral, non-racemic aryloxide 
ligand in the complex allows determination of the configuration of the benzylic carbon in the 
benzyl aryl ether formed by reductive elimination. This strategy is based on the one we 
developed for determining the stereochemical outcome of the reductive elimination of 
benzylamines.18 
The required materials for this analysis were prepared as shown in Equation 3.05 The 
monodeuterio benzylpalladium chloride complex 3.11-d1 was synthesized in an 85:15 
diastereomeric ratio enriched in the (Ra,RC)-isomer from (Cp)Pd(η3-allyl), (R)-BINAP, and (S)-
monodeuterio benzyl chloride (Equation 3.05). Complex 3.11-d1 was converted to the 
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corresponding (Ra,Ra,RC)-benzylpalladium binaphthylaryloxide complex (3.12-d1) by addition of 
potassium (Ra)-binaphthylaryloxide in THF (Equation 3.06). Complex 3.12-d1 was characterized 
using traditional NMR spectroscopic methods and elemental analysis. 
 
Cl
D
Pd
(R)-BINAP
C6H6
70 oC, 15 min
85:15 dr
+
P
Pd
ClP
Ph2
Ph2 D
3.11-d1
H
+
H
(R)(R) Eq. 3.05(S)
 
 
 
Complex 3.12-d1 underwent reductive elimination of the O-benzyl binaphthyl ether 3.13-
d1 in 88% yield after 4 h at 80 oC, as determined by 1H NMR spectroscopy relative to an internal 
standard (Figure 3.01). 1H NMR spectroscopy indicated that the same 85:15 ratio of 
diastereomers was formed in product 3.13-d1 as was present in the reactant 3.12-d1. Comparison 
of the 1H NMR spectrum of the ether product 3.13-d1 to that of the ether product prepared 
independently indicated that the reductive elimination occurred with inversion of configuration 
to form predominately (Ra,SC)-3.13-d1 (Figure 3.02). We envision that the stereochemical 
outcome results from dissociation of the aryloxide, followed by nucleophilic attack of the 
aryloxide anion on the benzylic carbon. Reactions that occur by dissociation of aryloxide ligands 
to form ionic intermediates during organometallic processes in nonpolar solvents are unusual. 
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Nucleophilic attack of phenoxide onto a π-bound allyl ligand is known,23-26 but none of the 
reported reactions begin with an allylmetal alkoxide complex. 
 
(Rax,SC) (Rax,RC)
3.13-d1
OMe
P
Pd
OP
Ph2
Ph2 D
(R)
(R)-BINAP
C6D6, 70 oC
O
OMe
D
88% yield
85:15 dr
+ Pd((R)-BINAP)2
3.12-d1
O
O
O
OMe=
H H
(R)
Me
(R)
(S)(R)(R)
 
Figure 3.01 Reductive elimination from 3.12-d1 to form (Rax,RC)-binapthylbenzyl ether 3.13-d1. 
 
  
Figure 3.02 Independent synthesis of (Rax,RC)-binapthylbenzyl ether 3.13-d1. 
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The 1H NMR spectrum for the benzylic region of product 3.13-d1 resulting from 
reductive elimination from complex 3.12-d1 is shown in Figure 3.01. The 1H NMR spectrum for 
the benzylic region of independently synthesized product 3.13-d1 is shown in Figure 3.02, and 
from this spectra the major diastereomer is concluded to be of the (R) configuration at the 
benzylic position. The configuration of 3.12-d1 from reductive elimination was concluded to be 
of the (S) configuration at the benzylic position. The starting complex 3.12-d1 was of the (R) 
configuration at the benzylic position, and the product is of the (S) configuration, indicating that 
the C-O reductive elimination reaction has occurred with inversion of configuration at the 
benzylic position.  
Several experiments were conducted to probe the effect of parameters that typically 
stabilize ionic species and accelerate reactions that occur by ionization of the reactant.  The 
effect of the electronic properties of the aryloxide ligand on the rate of the reductive elimination 
from complexes 3.01-3.04 is shown in Table 3.01. Reductive elimination from complex 3.04 
containing an electron-withdrawing p-CF3 group occurred with a rate constant that is 
indistinguishable from that of reductive elimination from the p-tolyl complex 3.02, and the rate 
constant for reductive elimination from complex 3.01 containing an electron-donating p-OMe 
group was nearly identical to that for reductive elimination from complexes 3.02 and 3.04. The 
p-chloro complex 3.03 reacted somewhat faster than the other para-substituted complexes 3.01, 
3.02, and 3.04, but the magnitude of these differences was small. Thus, the rate of reductive 
elimination is not significantly influenced by the electronic properties of the aryloxide ligand. 
This result contrasts with the accelerating effect of electron-withdrawing substituents on 
reductive elimination to form C(sp3)-O bonds from Pt(IV),8, 9 and the modest but measurable 
effect of substituents on the rate of reductive elimination to form C(sp3)-N bonds from 
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benzylpalladium diarylamido complexes.18 This lack of an electronic effect on reductive 
elimination even contrasts with the strong effect of the properties of the aryloxide group on 
concerted reductive elimination from arylpalladium aryloxide complexes.  
The substitution pattern of the aryloxide group had a minor impact on the rate of the 
reductive elimination reaction. Complex 3.04 and a 3.05 underwent reductive elimination with 
rates that were identical to each other. However, complex 3.06, containing 3,5-dimethyl 
substitution on the phenoxide, reacted more slowly than the analogous complex 3.05 containing 
3,5-bistrifluoromethyl substituents. In contrast, C(sp3)-N reductive elimination reactions 
exhibited a significant dependence on the substitution pattern of the diarylamido ligands. The 
complexes containing 3,5-disubstituted amido ligands underwent reductive elimination much 
more slowly than complexes containing the analogous para substituent.18 The difference 
between the effect of the substituents in the aryloxide and diarylamido groups is likely due to the 
3,5-disubstituted aryloxide ligands being less sterically demanding than 3,5-disubstituted 
diarylamide ligands. 
Like the effect of substituents, the effect of solvent polarity on the rate of reductive 
eliminations from the benzylpalladium phenoxide complexes was small. The reaction of complex 
3.01 in nitrobenzene-d5 occurred with a rate constant of 4.6×10-4 s-1 at 55 oC, whereas the 
reaction of 3.01 in benzene-d6 at the same temperature occurred with a rate constant of 1.8×10-4 
s-1 (Table 3.02). Although the reaction is faster in the more polar solvent, the magnitude of this 
effect of solvent polarity is small for a reaction occurring through an ionic intermediate. 
Moreover, the difference in rate that is observed is not likely due to the stability of the anion 
alone, because a similar small (2.8 times) difference in rate of reductive elimination to form a 
benzylamine in polar and non-polar solvents was observed previously.18 In contrast, reactions to 
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form methyl aryl ethers from Pt(IV) complexes were an order of magnitude faster in 
nitrobenzene than in benzene.9 The solvent effect observed for reactions of Pt(IV) complexes 
parallels the classic prediction by Hughes and Ingold of faster rates in more polar solvents for 
elementary reactions that generate two ions from a neutral species.27  
 
Table 3.02 The solvent effect on the rate of reductive elimination from benzylpalladium aryloxide 
complexes. 
PdFe
P
P
Ph2
Ph2
OAr
55 oC, solvent
DPPF OAr
+ Pd(DPPF)2
Ar = OMe3.01
 
Solvent Dielectric constant ()28 Yield (%) kobs (10
4 s-1)  
C6D6 2.3 78 1.8 
C6D5NO2 35 79 4.6 
 
 
Protic additives that stabilize dissociated anions are known to increase the rate of 
reductive elimination reactions that occur through ionic intermediates.9, 29 Consistent with this 
trend, the reaction of complex 3.02 in the presence of 2.6 equiv of cresol occurred with a rate 
constant of 5.1×10-4 s-1 at 30 oC, which is about 100 times larger than the rate constant in the 
absence of added cresol of 5×10-6 s-1 (Table 3.03). Hydrogen-bonding interactions between 
phenols and phenoxide ligands have been observed in solution and in the solid state for other 
transition metal complexes, and stabilization of the phenoxide ion by phenol likely leads to this 
large increase in rate.30, 31 The effect of the conjugate acid of the nucleophilic anion differs from 
that of reductive eliminations to form benzylamines. Reactions from related diarylamido 
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complexes were unaffected by added diarylamine, presumably because the greater steric 
hindrance of the diarylamide and the lower acidity of a diarylamine hydrogen-bond donor 
weakens this association.18 
 
Table 3.03 Effect of hydrogen-bond donor additives on the rate of reductive elimination from 
benzylpalladium aryloxide complexes. 
 
Equiv  
p-cresol Yield (%) kobs (10
4 s-1)  
0 70 0.05 
2.6 91 5.1 
 
The small effect of the electronic properties of the phenoxide and the small effect of the 
solvent polarity on the rate of reductive elimination from benzylpalladium phenoxide complexes 
can be rationalized by the combination of reversible dissociation of the aryloxide from the 
benzylpalladium aryloxide complex and irreversible collapse of the charge-separated pair to 
form the benzyl ether product (Scheme 3.09). The first equilibrium step (k1) would be favored by 
electronic9, 32, 33 and solvent effects9, 34 that stabilize ion pairs, but the second step (k2) would be 
disfavored by factors that stabilize ion pairs.35 Thus, the overall effect of substituents and solvent 
on the reaction rate is complex and would depend on the relative effects of the properties of the 
system on these two steps, including the effects of these properties on the partitioning of the 
144 
 
ionic intermediate for attack of the aryloxide at the metal to reform the starting complex and 
attack at the benzyl group to form the ether product. 
 
 
Scheme 3.09 Proposed ionization of the aryloxide ligand prior to irreversible C-O bond formation.    
 
To test our hypothesis that dissociation of the aryloxide group is reversible, we allowed 
[(DPPF)Pd(η3-Bn)]PF6 to react with a suspension of KO-p-tolyl in C6H6 (Equation 3.07). This 
reaction cleanly formed benzylpalladium aryloxide complex 3.02, as detected by 31P{1H} NMR 
spectroscopy. No observable benzyl ether was formed by GC/MS. Although this system contains 
potassium and PF6- counterions that are not present in the reactions of 3.01-3.09, this result is 
consistent with our proposal that dissociation of the phenoxide from the benzylpalladium 
aryloxide complex is reversible. Collapse of the ion pair to regenerate the benzylpalladium 
aryloxide complex is faster than nucleophilic attack of the aryloxide anion to form the benzyl 
ether product. 
 
 
 
Considering the strong evidence that reductive elimination occurs through ion pairs, we 
probed whether reductive elimination to form C-O or C-N bonds would be faster under two sets 
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of conditions that would generate alkoxide and amide ions. First, we conducted a reaction in 
which the system would contain both alkali metal diarylamides and phenoxides. The reaction of 
5 equiv of KN(p-tolyl)2 and KO-p-tolyl in THF with [(DPPF)Pd(η3-Bn)]PF6 formed amido 
complex 3.14 as the only species observed by 31P{1H} NMR spectroscopy (Equation 3.08). 
Heating this mixture formed N-benzyldiarylamine 3.15 and no benzyl ether 3.16. Second, we 
conducted a reaction in which the ions would be generated from the palladium complex or from 
the conjugate acid of the anions. The combination of [(DPPF)Pd(Bn)(N(p-tolyl)2)] and 1 equiv of 
HO(p-tolyl) formed phenoxide complex 3.02 (Equation 3.09). Heating this mixture led to the 
formation of benzyl ether 3.16 in 71% yield without formation of benzylamine, as determined by 
1H NMR spectroscopy (Equation 3.10). These studies are consistent with the greater 
nucleophilicity of the diarylamide under the aprotic conditions of the first experiment, but greater 
population of the phenoxide anion under the protic conditions of the second experiment, and 
signal the fine balance between the population and reactivity of the anions in the systems that 
undergo reductive elimination.  
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Finally, the difference between the propensity of benzylpalladium complexes 3.01-3.09 
to undergo reductive elimination and the reluctance of methylpalladium aryloxide complex 3.10 
to undergo the same process likely results from a combination of several factors. For example, a 
benzyl group is more electrophilic than a methyl group, a benzyl group would promote 
dissociation of the aryloxide anion by stabilizing the cationic intermediate through an η3 binding 
mode, and a benzyl group is more hindered than a methyl group. Analogous methylpalladium(II) 
complexes containing a more nucleophilic amido ligand also did not undergo reductive 
elimination, indicating that the electronic or steric properties of the methyl ligand are most 
strongly affecting the propensity of these complexes to undergo reductive elimination.18 Indeed, 
the coordinating ability and steric properties of the benzyl group had a large influence on the rate 
of reductive elimination.  
Consistent with the proposed ionic mechanism, naphthylmethyl complex 3.07 underwent 
reductive elimination much faster than benzyl complex 3.05. The naphthylmethyl ligand should 
bind in an η3-fashion more strongly than the benzyl ligand, and nucleophilic attack on an η3-
naphthylmethyl complex is known to occur faster than attack on an analogous η3-benzyl 
complex.36 In addition, the mesitylmethyl complex 3.08 also reacted faster than the benzyl 
complex 3.05. A similar trend of faster reductive elimination from naphthylmethyl and 
mesitylmethyl palladium amido complexes was observed.18 Although speculative, we propose 
that the increased steric bulk of the mesitylmethyl ligand favors dissociation of the aryloxide or 
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that the mild electron-donating property of the methyl groups of the mesityl ligand make the η3 
benzyl structure more stable than it is in the parent benzyl complex. Thus, further studies are 
needed to define the role of the hydrocarbyl ligand in these reactions, but these preliminary data 
imply that several properties of the hydrocarbyl group affect the rate of reductive elimination.  
 
3.3 Conclusion 
The data we collected allow comparisons of the elementary reactions of this system to 
those of other systems that undergo reductive elimination to form carbon-heteroatom and carbon-
carbon bonds. This pathway we revealed contrasts the concerted mechanism for coupling of aryl 
and aryloxide ligands37, 38 and the coupling of two alkyl ligands,39 and the lack of an electronic 
effect of the aryloxide ligand on the reaction rate contrasts the effect of the anionic ligand on 
reductive eliminations from platinum(IV) or arylpalladium(II) systems. These studies also show 
that the basic steps of the reductive eliminations to form benzylamines and benzyl ethers are 
similar, but the rates of the elementary steps of the process differ such that reductive eliminations 
to form ethers are less sensitive to the electronic properties of the heteroatom ligand and to the 
solvent polarity. Finally, the reductive elimination to form ethers is much more strongly 
dependent on the concentration of free phenol than is the elimination of amine on the presence of 
free amine, presumably due to differences in self-association of the anions and conjugate acids. 
In summary, reductive eliminations to form the C(sp3)-O bond in an ether occur from a 
low-valent group 10 metal center without oxidation to form a higher-valent intermediate. A 
combination of kinetic studies and analysis of the stereochemical outcome of the reaction 
indicates that this process occurs in a stepwise fashion by reversible dissociation of an aryloxide 
anion, followed by irreversible nucleophilic attack of the aryloxide on the resulting cationic 
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benzylpalladium complex. Studies to further delineate the origins of these differences and to 
extend these reactions to reductive eliminations from purely alkyl complexes are discussed in the 
next chapter. 
 
3.4 Experimental Section 
All manipulations were carried out under an inert atmosphere using a nitrogen-filled 
glovebox or standard Schlenk techniques, unless otherwise noted. All glassware was oven- or 
flame-dried immediately prior to use. Tetrahydrofuran and diethyl ether were obtained as HPLC 
grade without inhibitors; dichloromethane, pentane, and benzene were obtained as ACS reagent 
grade. All protio solvents were degassed by purging with nitrogen for 45 min and dried with a 
solvent purification system containing a 1 m column of activated alumina. Benzene-d6 and 
tetrahydrofuran-d8 were dried over sodium/benzophenone and vacuum distilled prior to use. 
Dichloromethane-d2 was dried over calcium hydride and vacuum distilled prior to use. 
Nitrobenzene-d5 was dried over 4 Å molecular sieves before use. All other reagents and solvents 
were obtained from commercial sources and used without further purification.  
1H NMR spectra were obtained at 400 or 500 MHz and recorded relative to residual 
protio solvent. 13C{1H} NMR spectra were obtained at 101 or 126 MHz, and chemical shifts 
were recorded relative to the solvent resonance. 31P{1H} NMR spectra were obtained at 162 or 
202 MHz, and chemical shifts are reported relative to 85% H3PO4. 19F{1H} NMR spectra were 
obtained at 376 MHz, and chemical shifts are reported relative to C6F6 in CDCl3, unless 
otherwise specified. 
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Combustion analyses were performed at the Microanalysis Laboratory at the University 
of Illinois at Urbana-Champaign, Urbana, IL, or at Robertson Microlit Laboratories, Madison, 
NJ. 
 
Preparation of (DPPF)Pd(Bn)(O-4-OMe-C6H4) (3.01). 
In a 20 mL scintillation vial, (COD)Pd(Bn)Cl (110 mg, 0.323 
mmol) was dissolved in 5 mL of THF. To this solution was 
added a solution of DPPF (179 mg, 0.323 mmol) in 5 mL of 
THF. To the resulting orange solution was added a solution of 
KO-4-OMe-C6H4 (54 mg, 0.33 mmol) in 5 mL of THF. After 10 min of stirring, the THF was 
removed in vacuo, and the orange residue was re-dissolved in benzene. The benzene solution 
was then filtered through a plug of Celite, and the Celite was washed with benzene until the 
washings were colorless. The benzene was removed in vacuo, the residue was dissolved in THF 
and layered with pentane, and the mixture was allowed to stand at -35 oC for 12 h. The yellow 
solid was filtered and washed three times with 10 mL of pentanes and then dried in vacuo to 
afford 185 mg (66%) of compound 3.01. 1H NMR (400 MHz, C6D6) δ 3.44 (dd, J = 1.6, 3.2 Hz, 
2H), 3.50 (s, 3H), 3.51-3.63 (m, 4H), 3.86 (s, 2H), 4.36 (dd, J = 2.0, 4.0 Hz, 2H), 6.88-7.00 (m, 
9H), 7.06-7.13 (m, 6H), 7.24-7.30 (m, 4H), 7.58 (dd, J = 1.2, 7.2 Hz, 2H), 7.63-7.67 (m, 4H), 
8.02-8.07 (m, 4H). 31P{1H} NMR (162 MHz, C6D6) δ 14.4 (d, J = 46.3 Hz), 33.5 (d, J = 46.4 
Hz). 13C{1H} NMR (CD2Cl2, 126 MHz) δ 41.2 (d, J = 86.8 Hz), 56.4, 72.4, 73.6 (d, J = 7.4 Hz), 
74.4 (d, J = 51.7Hz), 74.9 (d, J = 8.3 Hz), 76.1, 76.6 (d, J = 11.1 Hz), 114.7, 120.9, 124.0, 127.9, 
128.3 (d, J = 9.2 Hz), 128.6 (d, J = 10.2 Hz), 130.2, 131.0, 133.3 (d, J = 30.5 Hz), 134.1, 134.5, 
PdFe
P
P
Ph2
Ph2
O OMe
150 
 
134.9 (d, J = 12.0 Hz), 135.2 (d, J = 13.7 Hz), 145.6 (d, J = 10.1 Hz), 148.7, 163.2. Anal. Calcd 
for C48H42FeO2P2Pd: C, 65.88; H, 4.84. Found: C, 65.87; H, 4.73.  
 
Reductive elimination of aryl benzyl ether from 3.01:  
A screw-topped NMR tube was charged with trimethoxybenzene (1.8 mg, 0.011 mmol). In a 4 
mL vial complex, 3.01 (12.2 mg, 0.0139 mmol) was dissolved in C6D6, and in a separate 4 mL 
vial, DPPF (10.1 mg, 0.0182 mmol) was dissolved in C6D6. The two solutions were combined 
and transferred to the NMR tube.  Then the reaction was heated at 70 oC for 5 h. The amount of 
ether product 3.14 formed from reductive elimination was calculated to be 0.013 mmol (94%) by 
1H NMR spectroscopy. The amount of product was calculated relative to the trimethoxybenzene 
internal standard, and the yield was based on the amount of complex 3.01. 
 
A screw-topped NMR tube was charged with trimethoxybenzene (1.3 mg, 0.0077 mmol). In a 4 
mL vial complex, 3.01 (12.2 mg, 0.0139 mmol) was dissolved in C6D5NO2, and in a separate 4 
mL vial, DPPF (11.3 mg, 0.0204 mmol) was dissolved in C6D5NO2. The two solutions were 
combined and transferred to the NMR tube. Then the reaction was heated at 55 oC for 4 h. The 
amount of ether product 3.14 formed from reductive elimination was calculated to be 0.011 
mmol (79%) by 1H NMR spectroscopy.  The amount of product was calculated relative to the 
trimethoxybenzene internal standard, and the yield was based on the amount of complex 3.01. 
 
A screw-topped NMR tube was charged with trimethoxybenzene (2.6 mg, 0.015 mmol). In a 4 
mL vial, complex 3.01 (12.4 mg, 0.014 mmol) was dissolved in C6D6, and in a separate 4 mL 
vial, DPPF (9.8 mg, 0.018 mmol) was dissolved in C6D6. The two solutions were combined and 
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transferred to the NMR tube. The reaction was then heated at 55 oC for 4 h. The amount of ether 
product 3.14 formed from reductive elimination was calculated to be 0.011 mmol (78%) by 1H 
NMR spectroscopy. The amount of product was calculated relative to the trimethoxybenzene 
internal standard, and the yield was based on the amount of complex 3.01. 
 
Preparation of (DPPF)Pd(Bn)(O-4-Me-C6H4) (3.02). 
 In a 20 mL scintillation vial, (COD)Pd(Bn)Cl (112 mg, 0.329 
mmol) was dissolved in 5 mL of THF. To this solution was added 
a solution of DPPF (183 mg, 0.331 mmol) in 5 mL of THF. To the 
resulting orange solution was added a solution of KO-4-Me-C6H4 
(60 mg, 0.36 mmol) in 5 mL of THF. The THF was removed in vacuo, and the orange residue 
was re-dissolved in benzene. The benzene solution was then filtered through a plug of Celite and 
washed with benzene until the washings were colorless. The benzene was concentrated in vacuo 
to a final volume of 2 mL, and then 15 mL of diethyl ether was added to the benzene solution. 
The solution was allowed to stand at -35 oC for 3 h to complete precipitation. The yellow solid 
was filtered and washed three times with 10 mL of pentanes and then dried in vacuo to afford 
233 mg (82%) of compound 3.02. 1H NMR (400 MHz, C6D6) δ 2.34 (s, 3H), 3.44 (s, 2H), 3.61 
(s, 2H), 3.62 (m, 2H), 3.86 (s, 2H), 4.36 (s, 2H), 6.88-6.97 (m, 7H), 7.05-7.18 (m, 8H), 7.27 (t, J 
= 7.2 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 7.57 (d, J = 6.8 Hz, 2H), 7.65 (dd, J = 7.6, 11.2 Hz, 4H), 
8.03 (m, 4H). 31P{1H} NMR (162 MHz, C6D6) δ 14.7 (d, J = 45.2 Hz), 33.5 (d, J = 45.2 Hz). 
13C{1H} NMR (126 MHz, CD2Cl2) δ 20.5, 41.6 (d, J = 84.0 Hz), 72.5 (d, J = 4.7 Hz), 73.6 (d, J 
= 7.3 Hz), 74.6 (d, J = 31.0 Hz), 75.0 (d, J = 7.4 Hz), 76.5 (dd, J = 10.1, 55.4 Hz), 76.6 (d, J = 
12.0 Hz), 114.9, 120.9, 121.2, 124.0, 127.9, 128.3 (d, J = 9.2 Hz), 128.4 (br), 128.6 (d, J = 10.1 
PdFe
P
P
Ph2
Ph2
O
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Hz), 129.5, 130.2 (d, J = 1.5 Hz), 131.0 (d, J = 1.9 Hz), 133.4 (d, J = 29.6 Hz), 134.4 (d, J = 49.9 
Hz), 134.9 (d, J = 12.1 Hz), 135.2 (d, J = 13.0 Hz), 145.7. Anal. Calcd for C48H42FeOP2Pd: C, 
67.11; H, 4.93. Found: C, 66.93; H 4.87. 
 
Reductive elimination of aryl benzyl ether from 3.02:  
A screw-topped NMR tube was charged with trimethoxybenzene (3.9 mg, 0.023 mmol). In a 4 
mL vial, complex 3.02 (13.0 mg, 0.0151 mmol) was dissolved in C6D6, and in a separate 4 mL 
vial, DPPF (10.3 mg, 0.0185 mmol) was dissolved in C6D6. Then the reaction was heated at 70 
oC for 5 h. The amount of ether product 3.15 formed from reductive elimination was calculated 
to be 0.011 mmol (73%) by 1H NMR spectroscopy. The amount of product was calculated 
relative to the trimethoxybenzene internal standard, and the yield was based on the amount of 
complex 3.02. 
 
Preparation of (DPPF)Pd(Bn)(O-4-Cl-C6H4) (3.03).  
 In a 20 mL scintillation vial, (COD)Pd(Bn)Cl (103 mg, 0.300 
mmol) was dissolved in 5 mL of THF. To this solution was added 
a solution of DPPF (168 mg, 0.302 mmol) in 5 mL of THF. To 
the resulting orange solution was added a solution of KO-4-Cl-
C6H4 (51 mg, 0.34 mmol) in 5 mL of THF. After the addition of the KO-4-Cl-C6H4, the solution 
became darker orange. The THF was removed in vacuo, and the orange residue was re-dissolved 
in benzene. The benzene solution was then filtered through a plug of Celite and washed with 
benzene until the washings were colorless. The benzene was removed in vacuo, and the residue 
was dissolved in THF, layered with pentane, and allowed to stand at -35 oC for 12 h. The yellow 
PdFe
P
P
Ph2
Ph2
O Cl
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solid was filtered and washed three times with 10 mL of pentanes and then dried in vacuo, 
affording 136 mg (52%) of compound 3.03. 1H NMR (400 MHz, THF-d8) δ 2.95 (dd, J = 5.0, 9.6 
Hz, 2H), 3.38 (s, 2H), 4.15 (s, 2H), 4.50 (s, 2H), 4.53 (s, 2H), 6.62 (d, J = 8.8 Hz, 2H), 6.81 (d, J 
= 8.8 Hz, 2H), 7.00 (s, 5H), 7.20-7.24 (m, 4H), 7.29-7.33 (brm, 6H), 7.45-7.48 (m, 2H), 7.66-
7.71 (m, 8H). 31P{1H} NMR (162 MHz, C6D6) δ 14.7 (d, J = 45.2 Hz), 33.5 (d, J = 45.2 Hz). 
13C{1H} NMR (126 MHz, CD2Cl2) δ 41.2 (d, J = 83.0 Hz), 72.6 (d, J = 4.7 Hz), 73.7 (d, J = 7.3 
Hz), 74.2 (d, J = 36.9 Hz), 75.0 (d, J = 8.3 Hz), 76.2, 76.6 (d, J = 4.5 Hz), 98.3, 116.2, 122.0, 
124.3, 128.0, 128.4 (d, J = 15.6 Hz), 128.4, 128.7 (d, J = 11.1 Hz), 130.3, 131.1 (d, J = 2.8 Hz), 
133.0 (d, J = 31.5 Hz), 134.0 (d, J = 50.8 Hz), 134.8 (d, J = 13.0 Hz), 135.0 (d, J = 13.0 Hz), 
144.9, 167.5. Anal. Calcd for C47H39ClFeOP2Pd: C, 64.19; H, 4.47. Found: C, 64.38; H, 4.54. 
 
Reductive elimination of aryl benzyl ether from 3.03:  
A screw-topped NMR tube was charged with trimethoxybenzene (1.3 mg, 0.0077 mmol). In a 4 
mL vial, complex 3.03 (10.4 mg, 0.0118 mmol) was dissolved in C6D6, and in a separate 4 mL 
vial, DPPF (10.7 mg, 0.0193 mmol) was dissolved in C6D6. The two solutions were combined 
and transferred to the NMR tube. The reaction was then heated at 70 oC for 3 h. The amount of 
ether product 3.16 formed from reductive elimination was calculated to be 0.099 mmol (84%) by 
1H NMR spectroscopy. The amount of product was calculated relative to the trimethoxybenzene 
internal standard, and the yield was based on the amount of complex 3.03. 
 
Preparation of (DPPF)Pd(Bn)(O-4-CF3-C6H4) (3.04). 
In a 20 mL scintillation vial, CODPd(Bn)Cl (101 mg, 0.295 mmol) was dissolved in 5 mL of 
THF. To this solution, a solution of DPPF (166 mg, 0.298 mmol) in 5 mL of THF was added. To 
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the resulting orange solution was added a solution of KO-4-
CF3-C6H4 (65 mg, 0.326 mmol) in 5 mL of THF. The color of 
the solution became darker orange after the addition of the KO-
4-CF3-C6H4. The THF was removed in vacuo, and the residue 
was re-dissolved in benzene. The benzene solution was then filtered through a plug of Celite and 
washed with benzene until the washings were colorless. The benzene was removed in vacuo, and 
the residue was dissolved in THF, layered with pentane, and allowed to stand at -35 oC for 12 h. 
The yellow solid was filtered and washed three times with 10 mL of pentanes and then dried in 
vacuo, affording 226 mg (84%) of compound 3.04. 1H NMR (500 MHz, THF-d8) δ 2.95 (brm, 
2H), 3.43 (s, 2H), 4.17 (s, 2H), 4.52 (s, 2H), 4.58 (s, 2H), 6.71 (d, J = 8.5 Hz, 2H), 7.01 (s, 5H), 
7.14 (d, J = 8.0 Hz, 2H), 7.20-7.22 (m, 4H), 7.31-7.37 (m, 6H), 7.46-7.49 (m, 2H), 7.63-7.72 (m, 
8H). 31P{1H} NMR (162 MHz, C6D6 ) δ 15.4 (d, J = 45.2 Hz), 34.0 (d, J = 46.3 Hz). 19F{1H} 
NMR (376 MHz, THF-d8) δ -60.3.13C{1H} NMR (126 MHz, CD2Cl2) δ 41.6 (d, J = 75.6 Hz), 
72.6 (d, J = 4.5 Hz), 73.7 (d, J = 8.3 Hz), 74.1 (d, J = 34.1 Hz), 74.9 (d, J = 8.3 Hz), 76.2,  76.7 
(d, J = 12.0 Hz), 115.2, 120.0, 124.7, 126.3 (d, J = 3.8 Hz), 126.6 (q, J = 268.8 Hz), 128.2, 
128.3, 128.4 (d, J = 9.2 Hz), 128.7 (d, J = 10.1 Hz), 130.6 (d, J = 1.9 Hz), 131.2 (d, J = 2.8 Hz), 
131.4 (d, J = 31.4 Hz), 133.8 (d, J = 50.7 Hz), 134.8 (d, J = 12.0 Hz), 134.9 (d, J = 12.9 Hz), 
143.8, 171.8. Anal. Calcd for C48H39F3FeOP2Pd: C, 63.14; H, 4.31. Found: C, 62.86; H, 4.63.  
PdFe
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Reductive elimination of aryl benzyl ether from 3.04:  
A screw-topped NMR tube was charged with trimethoxybenzene (1.2 mg, 0.0071 mmol). In a 4 
mL vial, complex 3.04 (12.0 mg, 0.0131 mmol) was dissolved in C6D6, and in a separate 4 mL 
vial, DPPF (9.4 mg, 0.017 mmol) was dissolved in C6D6.The two solutions were combined and 
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transferred to the NMR tube.  The reaction was then heated at 70 oC for 5 h. The amount of ether 
product 3.17 formed from reductive elimination was calculated to be 0.012 mmol (92%) by 1H 
NMR spectroscopy. The amount of product was calculated relative to the trimethoxybenzene 
internal standard, and the yield was based on the amount of complex 3.04. 
  
 Preparation of (DPPF)Pd(Bn)(O-3,5-CF3-C6H3) (3.05). 
 In a 20 mL scintillation vial, (COD)Pd(Bn)Cl (114 mg, 0.332 
mmol) was dissolved in 5 mL of THF. To this solution was added 
a solution of DPPF (185 mg, 0.334 mmol) in 5 mL of THF. To the 
resulting orange solution was added a solution of KO-3,5-CF3-
C6H3 (94 mg, 0.35 mmol) in 5 mL of THF. Upon addition of the aryloxide, the color of the 
solution changed from orange to orange-red. The THF was removed in vacuo, and the residue 
was re-dissolved in toluene. The toluene solution was then filtered through a plug of Celite and 
washed with toluene until the washings were colorless. The toluene was removed in vacuo, and 
the sticky red residue was triturated three times with pentane. The residue from trituration was 
then dried in vacuo to afford 198 mg (61%) of compound 3.05. 1H NMR (400 MHz, C6D6) δ 
3.34 (brm, 2H), 3.63 (s, 2H), 3.67 (s, 2H), 3.85 (s, 2H), 4.33 (s, 2H), 7.01 (d, J = 12.4 Hz, 13H), 
7.09-7.17 (m, 3H), 7.34 (brs, 2H), 7.52 (s, 2H), 7.62-7.66 (m, 8H). 31P{1H} NMR (162 MHz, 
C6D6) δ 16.9 (brs), 34.0 (d, J = 46.5 Hz). 19F{1H} NMR (376 MHz, C6D6) δ -62.7.13C{1H} NMR 
(126 MHz, CD2Cl2) δ 40.3 (d, J = 84.0 Hz), 73.0 (d, J = 5.5 Hz), 73.2, 73.6 (d, J = 7.3 Hz), 75.0 
(d, J = 9.2 Hz), 76.4 (d, J = 11.1 Hz), 77.3 (dd, J = 5.8, 50.8 Hz), 104.5, 120.3, 124.5, 124.9 (q, J 
= 273.3 Hz), 128.1, 128.3 (d, J = 9.3 Hz), 128.5 (d, J = 2.8 Hz), 128.9 (d, J = 11.1 Hz), 130.4 (d, 
J = 1.9 Hz), 131.1 (d, J = 31.4 Hz), 131.4, 132.6 (d, J = 32.3 Hz), 133.3 (d, J = 51.8 Hz), 134.8 
PdFe
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(d, J = 3.6 Hz), 134.9 (d, J = 4.7 Hz), 144.4 (d, J = 6.9 Hz), 169.0. Anal. Calcd for 
C49H38F6FeOP2Pd: C, 59.99; H, 3.90. Found: C, 59.87; H, 3.85. 
 
Reductive elimination of aryl benzyl ether from 3.05:  
A screw-topped NMR tube was charged with trimethoxybenzene (2.1 mg, 0.012 mmol). In a 4 
mL vial, complex 3.05 (13.3 mg, 0.014 mmol) was dissolved in C6D6, and in a separate 4 mL 
vial, DPPF (9.9 mg, 0.18 mmol) was dissolved in C6D6. The two solutions were combined and 
transferred to the NMR tube. Then the reaction was heated at 70 oC for 5 h. The amount of ether 
product 3.18 formed from reductive elimination was calculated to be 0.011 mmol (79%) by 1H 
NMR spectroscopy. The amount of product was calculated relative to the trimethoxybenzene 
internal standard, and the yield was based on the amount of complex 3.05. 
 
 Preparation of (DPPF)Pd(Bn)(O-3,5-Me-C6H3) (3.06). 
 In a 20 mL scintillation vial, (COD)Pd(Bn)Cl (103 mg, 0.300 mmol) 
was dissolved in 5 mL of THF. To this solution was added a solution 
of DPPF (169 mg, 0.304 mmol) in 5 mL of THF. To the resulting 
orange solution was added a solution of KO-3,5-Me-C6H3 (55 mg, 
0.34 mmol) in 5 mL of THF. The THF was removed in vacuo, and the residue was re-dissolved 
in benzene. The benzene solution was then filtered through a plug of Celite and washed with 
benzene until the washings were colorless. The benzene was removed in vacuo, and the residue 
was dissolved in THF, layered with pentane, and allowed to stand at -35 oC for 12 h. The yellow 
solid was filtered and washed three times with 10 mL of pentanes and then dried in vacuo to 
afford 141 mg (54%) of compound 3.06. 1H NMR (400 MHz, C6D6) δ 2.35 (s, 6H), 3.49 (d, J = 
PdFe
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1.6 Hz, 2H), 3.61 (t, J = 5.2 Hz, 2H), 3.63 (s, 2H), 3.86 (s, 2H), 4.36 (s, 2H), 6.42 (s, 1H), 6.92-
6.89 (m, 6H), 7.01 (s, 2H), 7.06-7.14 (m, 6H), 7.26 (t, J = 6.0 Hz, 3H), 7.55 (d, J = 6.0 Hz, 2H), 
7.68 (dd, J =  6.4, 8.8 Hz, 4H), 8.00 (t, J = 6.8 Hz, 4H). 31P{1H} NMR (162 MHz, C6D6) δ 14.7 
(d, J = 45.2 Hz), 33.5 (d, J = 45.2 Hz). 13C{1H} NMR (126 MHz, CD2Cl2) δ 21.7, 41.1 (d, J = 
84.0 Hz), 72.6 (d, J = 3.8 Hz), 73.5 (d, J = 7.4 Hz), 74.5 (d, J = 35.0 Hz), 75.0 (d, J = 8.3 Hz), 
76.4 (d, J = 12.0 Hz), 76.9 (dd, J = 5.2, 52.2 Hz), 114.8, 119.5, 124.0, 127.9, 128.2 (d, J = 9.2 
Hz), 128.5 (br), 128.7, 128.7 (d, J = 11.1 Hz), 130.2, 131.1, 133.4 (d, J = 30.5 Hz), 134.2 (d, J = 
50.8 Hz), 134.9 (d, J = 12.0 Hz), 135.2 (d, J = 13.0 Hz), 137.8, 145.7. Anal. Calcd for 
C49H44FeOP2Pd: C, 67.41; H, 5.08. Found: C, 67.11; H, 5.15. 
 
Reductive elimination of aryl benzyl ether from 3.06:  
A screw-topped NMR tube was charged with trimethoxybenzene (2.7 mg, 0.016 mmol). In a 4 
mL vial, complex 3.06 (14.0 mg, 0.0160 mmol) was dissolved in C6D6, and in a separate 4 mL 
vial, DPPF (12.0 mg, 0.0216 mmol) was dissolved in C6D6. The two solutions were combined 
and transferred to the NMR tube. Then the reaction was heated at 70 oC for 7 h. The amount of 
ether product 3.19 formed from reductive elimination was calculated to be 0.012 mmol (75%) by 
1H NMR spectroscopy. The amount of product was calculated relative to the trimethoxybenzene 
internal standard, and the yield was based on the amount of complex 3.06. 
 
Preparation of (DPPF)Pd(Naphthylmethyl)(O-3,5-CF3-C6H3) (3.07).  
In a 5 mL scintillation vial, (DPPF)Pd(Naphthylmethyl)Br18 (17.6 mg, 0.0199 mmol) was 
suspended in about 0.4 mL of THF-d8.  In a separate 5 mL scintillation vial, KO-3,5-CF3-C6H3 
(5.6 mg,  0.0209 mmol) was dissolved in about 0.1 mL of THF-d8. The suspension of 
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(DPPF)Pd(Naphthylmethyl)Br was added to a screw-topped NMR 
tube charged with trimethoxybenzene (1.1 mg, 0.0065 mmol).  
The solution of potassium aryloxide was then drawn into a 1 mL 
syringe.  The NMR tube was cooled in the NMR spectrometer to -
40 oC. When the system had reached thermal equilibrium, the 
potassium aryloxide was added through the septum on the NMR tube. The NMR tube was 
shaken vigorously and then reinserted into the spectrometer. The amount of complex 3.07 was 
calculated to be  0.0198 mmol (99%). 1H NMR (400 MHz, THF-d8, -40 oC) δ 3.02 (m, 2H), 3.72 
(s, 2H), 4.25 (s, 2H), 4.47 (s, 2H), 4.51 (s, 2H), 6.66 (brs, 1H), 6.86 (brs, 1H), 7.03-7.06 (m, 4H), 
7.11 (brs, 2H), 7.25-7.29 (m, 2H), 7.33 (brm, 3H), 7.52-7.58 (m, 9H), 7.64-7.67 (m, 3H), 7.74 (d, 
J = 7.6 Hz, 1 H), 7.78-7.83 (m, 4H). 31P{1H} NMR (162 MHz, THF-d8, -40 oC) δ  21.6 (d, J = 
45.2 Hz), 38.3 (d, J = 45.4 Hz). 19F{1H} NMR (376 MHz, THF-d8, -40 oC) δ -59.99.13C{1H} 
NMR (126 MHz, THF-d8, -40 oC) δ 40.8 (d, J = 76.9 Hz), 73.4, 73.6, 74.3 (d, J = 6.9 Hz), 75.3 
(d, J = 8.8 Hz), 77.1 (d, J = 12.7 Hz), 77.6, 104.4, 120.8, 124.8, 125.0 (brm), 125.5 (q, J = 273.4 
Hz), 126.1, 126.6, 127.4, 128.2 (d, J = 38.2 Hz), 128.7 (d, J = 8.8 Hz), 129.5 (d, J = 10.8 Hz), 
130.8, 131.3, 131.7 (d, J = 31.4 Hz), 132.0, 132.6 (d, J = 24.6 Hz), 132.9, 134.1 (d, J = 52.0 Hz), 
135.1, 135.4 (d, J =  13.7 Hz), 135.6 (d, J = 11.8 Hz), 142.5, 170.1. 
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Reductive elimination of aryl benzyl ether from 3.07:  
A screw-topped NMR tube was charged with trimethoxybenzene (2.4 mg, 0.014 mmol) complex 
3.07 (0.0131 mmol) and prepared as described above, except using benzene as the solvent. To 
the resulting mixture was added a benzene solution of DPPF (11.3 mg, 0.0204 mmol). Then the 
reaction was heated at 30 oC for 4 h. The amount of ether product 3.20 formed from reductive 
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elimination was calculated to be 0.013 mmol (99%) by 1H NMR spectroscopy. The amount of 
product was calculated relative to the trimethoxybenzene internal standard, and the yield was 
based on the amount of complex 3.07.  
 
Preparation of (DPPF)Pd(Mesitylmethyl)(O-3,5-CF3-C6H3) (3.08). 
 A Schlenk flask equipped with a magnetic stir bar was charged 
with complex (DPPF)Pd(Mesitylmethyl)Br18 (214 mg, 0.244 
mmol).  The yellow solid was then suspended in 25 mL of diethyl 
ether. The Schlenk flask was sealed with a rubber septum. A 
round-bottomed flask was charged with KO-3,5-CF3-C6H3 (60 mg, 
0.22 mmol). The potassium aryloxide was then dissolved in 8 mL of diethyl ether. The flask was 
sealed with a rubber septum. The Schlenk flask containing the suspension of 
(DPPF)Pd(Mesitylmethyl)Br in ether was cooled to -78 oC, and the solution of KO-3,5-CF3-C6H3 
was transferred via cannula into the cooled Schlenk flask. After the addition of the KO-3,5-CF3-
C6H3 solution, the cooling bath was removed and the reaction was stirred at room temperature for 
10 min. During this time, most of the solid (DPPF)Pd(Mesitylmethyl)Br was consumed, and 
precipitated KBr was observed in the orange-yellow solution. The orange solution was then 
filtered through Celite into a Schlenk flask cooled to -78 oC. The Celite was washed with 20 mL 
of diethyl ether until the washings were colorless. The Schlenk flask into which the filtrate was 
collected was then removed from the -78 oC bath and placed into a 0 oC bath. The diethyl ether 
was evaporated under reduced pressure at 0 oC. Once the diethyl ether was removed, the Schlenk 
flask was taken into the glovebox, where 10 mL of pentane was added to the orange residue. The 
orange precipitate was filtered from the pentane solution through a fritted funnel. The orange 
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solid was dried in vacuo to afford 131 mg (57%) of compound 3.08. 1H NMR (400 MHz, C6D6) 
δ 1.98 (s, 3H), 2.31 (s, 6H), 2.62 (dd, J = 6.4, 9.2 Hz, 2H), 3.69 (s, 2H), 3.83 (s, 2H), 3.96 (s, 
2H), 4.57 (s, 2H), 6.48 (s, 2H), 6.73 (brs, 1H), 6.87 (brs, 1H), 7.02 (s, 13H), 7.78 (t, J = 7.6 Hz, 
4H), 7.85 (t, J = 8.8 Hz, 4H). 31P{1H} NMR (162 MHz, C6D6) δ  11.8 (d, J = 48.9 Hz), 38.7 (d, J 
=  45.2 Hz). 19F{1H} NMR (376 MHz, C6D6) δ -62.6.13C{1H} NMR (126 MHz, THF-d8, -20 oC) 
δ 20.9, 21.8, 34.8 (d, J = 79.4 Hz), 73.5, 73.7, 74.4 (d, J = 7.8 Hz), 75.2 (dd, J = 6.8, 7.8 Hz), 
76.8 (dd, J = 4.4, 57.7 Hz), 77.3 (d, J = 11.7 Hz), 103.2, 119.9, 125.6 (q, J = 272.4 Hz), 128.4, 
128.7 (d, J = 8.8 Hz), 129.2 (d, J = 9.8 Hz), 129.5, 129.8, 130.7, 132.0, 132.3, 133.5 (d, J = 51.9 
Hz), 134.0 (d, J = 30.4 Hz), 135.4 (d, J = 11.8 Hz), 135.5 (d, J = 12.7 Hz), 141.4, 167.6. Anal. 
Calcd for C52H44F6FeOP2Pd: C, 61.05; H, 4.33. Found: C, 60.74; H, 4.38.  
 
Reductive elimination of aryl benzyl ether from 3.08:  
A screw-topped NMR tube was charged with trimethoxybenzene (0.9 mg, 0.005 mmol). In a 4 
mL vial, complex 3.08 (17.8 mg, 0.017 mmol) was dissolved in C6D6, and in a separate 4 mL 
vial, DPPF (10.8 mg, 0.019 mmol) was dissolved in C6D6. The two solutions were combined and 
transferred to the NMR tube. Then the reaction was heated at 55 oC for 40 min. The amount of 
ether product from reductive elimination was calculated to be 0.0060 mmol (65%) of compound 
3.21 and 0.011 mmol (35%) of compound 3.22 by 1H NMR spectroscopy. The amount of 
product was calculated relative to the trimethoxybenzene internal standard, and the yield was 
based on the amount of complex 3.08. 
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Preparation of (DPPF)Pd(Bn)(OAc) (3.09). 
In a 20 mL scintillation vial, (COD)Pd(Bn)Cl (116 mg,  0.339 mmol) 
was dissolved in 5 mL of THF. To this solution was added a solution 
of DPPF (189 mg, 0.340 mmol) in 5 mL of THF. To the resulting 
orange solution was added a suspension of AgOAc (59 mg, 0.35 mmol) in 5 mL of THF. The 
reaction was stirred for 1 h at room temperature and then filtered through Celite to remove the 
brown precipitate from the yellow solution. The THF was concentrated in vacuo to a volume of 
about 4 mL. Pentane was then layered onto the concentrated THF solution, and the mixture was  
allowed to stand at -35 oC for 12 h. The resulting yellow solid was filtered and washed three 
times with 10 mL of pentanes and then dried in vacuo to afford 217 mg (79%) of compound 
3.09. 1H NMR (400 MHz, THF-d8, -20 oC) δ 1.49 (s, 3H), 2.95 (dd, J = 5.2, 10.0  Hz, 2H), 3.77 
(s, 2H), 4.24 (s, 2H), 4.40 (s, 2H), 4.43 (s, 2H), 6.82-6.84 (m, 2H), 6.86-6.91 (m, 3H), 7.28-7.32 
(m, 4H), 7.37-7.41 (m, 6H), 7.47-4.51 (m, 2H), 7.66 (t, J = 8.8 Hz, 4H), 7.83 (dd, J = 8.0, 10.8 
Hz, 4H). 31P{1H} NMR (202 MHz, THF-d8, -20 oC) δ 18.3 (d, J = 42.6 Hz), 33.0 (d, J = 42.6 
Hz). 13C{1H} NMR (126 MHz, CD2Cl2, -20 oC) δ 24.5, 38.3 (d, J = 84.2 Hz), 73.0 (d, J = 19.7 
Hz, 2C), 74.0 (dd, J = 12.7, 48.0 Hz), 75.1 (d, J = 7.8 Hz), 76.0 (d, J = 10.7 Hz), 77.7 (d, J = 
55.8 Hz), 123.6, 127.7, 128.2 (d, J = 7.8 Hz), 128.5 (d, J = 13.7 Hz), 128.6, 130.1, 131.0, 133.0, 
133.4, 133.7, 134.8 (d, J = 12.8 Hz), 145.6, 176.2. Anal. Calcd for C43H38FeO2P2Pd: C, 63.68; H, 
4.72. Found: C, 63.59; H, 4.92.  
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Reductive elimination of aryl benzyl ether from 3.09:  
A screw-topped NMR tube was charged with trimethoxybenzene (1.0 mg, 0.059 mmol). In a 4 
mL vial, complex 3.09 (11.1 mg, 0.014 mmol) was dissolved in C6D6, and in a separate 4 mL 
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vial, DPPF (9.7 mg, 0.017 mmol) was dissolved in C6D6 dissolved in C6D6.  The two solutions 
were combined and transferred to the NMR tube. Then the reaction was heated at 70 oC for 12 h. 
The amount of benzyl acetate product formed from reductive elimination was calculated to be 
0.0086 mmol (63%) by 1H NMR spectroscopy. The amount of product was calculated relative to 
the trimethoxybenzene internal standard, and the yield was based on the amount of complex 
3.09. 
 
 Preparation of (DPPF)Pd(Me)(O-4-OMe-C6H4) (3.10). 
In a 20 mL scintillation vial, (COD)Pd(Me)Cl (139 mg, 0.524 
mmol) was dissolved in 5 mL of THF. To this solution was 
added a solution of DPPF (292 mg, 0.527 mmol) in 5 mL of 
THF. To the resulting orange solution was added a solution of KO-4-OMe-C6H4 (91 mg, 0.56 
mmol) in 5 mL of THF. The color changed from orange to golden yellow. The THF was 
removed in vacuo, and the residue was re-dissolved in benzene. The benzene solution was then 
filtered through a plug of Celite and washed with benzene until the washings were colorless. The 
benzene was removed in vacuo. The residue was dissolved in THF and layered with pentane, and 
the mixture was allowed to stand at -35 oC for 12 h. The yellow solid was filtered and washed 
three times with 10 mL of pentanes. The solid was then dried in vacuo, affording 348 mg (83%) 
of compound 3.10. 1H NMR (400 MHz, C6D6) δ 1.19 (dd, J = 4.0 Hz, 3H), 3.50 (s, 3H), 3.77 (s, 
2H), 3.86 (s, 2H), 3.87 (s, 2H), 4.34 (s 2H), 6.91-7.00 (m, 8H), 7.04-7.11 (m, 8H), 7.67-7.72 (m, 
4H), 8.11-8.15 (m, 4H). 31P{1H} NMR (162 MHz, C6D6) δ 11.6 (d, J = 31.8 Hz), 36.6 (d, J = 
31.8 Hz). 13C{1H} NMR (126 MHz, CD2Cl2) δ 16.2 (dd, J = 5.5, 95.1 Hz), 56.4, 72.9 (d, J = 6.4 
Hz), 73.2 (d, J = 5.5 Hz), 74.1 (d, J = 59.0 Hz), 75.3 (d, J = 9.3 Hz), 75.5 (d, J = 10.2 Hz), 79.0 
Me
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(dd, J = 7.4, 52.7 Hz), 114.5, 120.5, 128.1 (d, J = 9.2 Hz), 128.5 (d, J = 10.2 Hz), 133.1, 133.5, 
134.1, 134.4, 134.6 (d, J = 12.0 Hz), 135.0 (d, J = 13.0 Hz), 148.4, 162.9. Anal. Calcd for 
C42H38FeO2P2Pd: C, 63.14; H, 4.79. Found: C, 63.14; H, 4.76.  
 
Reductive elimination of aryl benzyl ether from 3.10:  
An NMR tube was charged with hexamethylbenzene (0.9 mg, 0.015 mmol). Complex 3.10 (15.5 
mg, 0.019 mmol) and DPPF (15.4 mg, 0.028 mmol) were dissolved in C6D6, and the resulting 
orange solution was added to the NMR tube. The NMR tube was flame sealed under vacuum, 
and then the reaction was heated at 70 oC. The amount of methane dissolved in the benzene 
solution was calculated to be 0.0009 mmol (5%) by 1H NMR spectroscopy. The amount of free 
phenol was calculated to be 0.018 mmol (95%) by gas chromatography.   
 
Preparation of ((R)-BINAP)Pd(Bn)(Cl)  (3.11).  
Compound 3.11 was prepared by previously described methods.18  
 
Preparation of ((R)-BINAP)Pd(Bn)(methoxy-BINOL) (3.12). 
 In a 20 mL scintillation vial, 3.11 (69 mg, 0.081 mmol) was 
dissolved in 5 mL of THF. To this solution was added a 
solution of potassium methoxy binaptholate (30 mg, 0.089 
mmol) in 5 mL of THF. The color of the solution changed to 
a darker brownish-yellow. The THF was removed in vacuo, 
and the residue was re-dissolved in benzene. The benzene solution was then filtered through a 
plug of Celite and washed with benzene until the washings were colorless. The benzene was 
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concentrated under reduced pressure, and then diethyl ether was added to precipitate complex 
3.12. The yellow solid was filtered and washed with diethyl ether (2 x 5 mL) and pentane (1 x 10 
mL). The solid was then dried in vacuo to afford 66 mg (73 %) of compound 3.12. 1H NMR (500 
MHz, THF-d8) δ 2.47 (dd, J = 6.8, 13.2 Hz, 1H), 3.33 (s, 3H), 3.50 (dd, J = 6.0, 10.4 Hz, 1H), 
6.25 (t, J = 7.6 Hz, 1H), 6.33 (brm, 2H), 6.50-6.54 (m, 4H), 6.57-6.59 (m, 2H), 6.64-6.94 (m, 
15H), 6.97-7.00 (t, J = 7.8 Hz, 2H), 7.21-7.34 (m, 9H), 7.44 (d, J = 8.4 Hz, 1H), 7.54-7.63 (m, 
8H), 7.75 (d, J = 8.8 Hz, 2H), 7.96 (t, J = 9.0 Hz, 2H), 8.02 (d, J = 8.4 Hz, 1H). 31P{1H} NMR 
(162 MHz, C6D6) δ 17.2 (d, J = 51.4 Hz), 33.7 (d, J = 51.4 Hz). 13C{1H} NMR (126 MHz, 
CD2Cl2) δ 44.8 (d, J = 87.7 Hz), 56.1, 113.5, 117.5, 118.7, 122.7, 123.3 (d, J = 19.4 Hz), 124.8, 
125.0 (d, J = 24.1 Hz), 126.3 (d, J = 16.6 Hz), 126.5, 126.9-128.7 (aromatic carbon resonances; 
because all aryl resonances are inequivalent and couple to phosphorus, these resonances were 
unresolved), 129.0, 129.4, 129.6, 129.8, 130.2, 130.7, 132.0, 132.4 (d, J = 3.5 Hz), 132.6, 132.7, 
133.6, 133.7 (d, J = 8.3 Hz), 133.8, 135.0 (d, J = 10.2 Hz), 135.0, 135.3 (d, J = 13.9 Hz), 135.7 
(d, J = 10.2 Hz), 137.8 (dd, J = 4.5, 8.3 Hz), 139.0 (dd, J = 4.3,12.9 Hz), 147.1 (d, J = 9.3 Hz), 
155.0. Anal. Calcd for C72H54O2P2Pd: C, 77.24; H, 4.86. Found: C, 77.39; H, 5.11. Complex 
3.12-d1 was prepared in the same manner starting from (BINAP)Pd(Bn-d1)Cl. 
 
Reductive elimination of aryl benzyl ether from 3.12:  
A screw-topped NMR tube was charged with trimethoxybenzene (1.0 mg, 0.0059 mmol). In a 4 
mL vial, complex 3.12 (7.2 mg, 0.0064 mmol) was dissolved in C6D6, and in a separate 4 mL 
vial, BINAP (8.4 mg, 0.013 mmol) was dissolved in C6D6. The two solutions were combined and 
transferred to the NMR tube. Then the reaction was heated at 80 oC for 4 h. The amount of ether 
product 3.13 formed from reductive elimination was calculated to be 0.0056 mmol (88%) by 1H 
165 
 
NMR spectroscopy. The amount of product was calculated relative to the trimethoxybenzene 
internal standard, and the yield was based on the amount of complex 3.12. 
 
Preparation of Methoxy-benzyloxy-binapthyl (3.13).  
In a glovebox, a 20 mL scintillation vial equipped with a stir bar was 
charged with potassium aryloxide (42 mg, 0.13 mmol).  Benzyl 
bromide (32 mg, 0.18 mmol) was added to the reaction vial dropwise.  
The suspension was stirred for 2 h. At this time, the reaction was removed from the glovebox, 
filtered through a plug of Celite, and the Celite was rinsed with THF. The solvent was removed 
by rotary evaporation. The crude material was purified by silica gel column chromatography, 
eluting with 25% ethyl acetate in hexane. The solvent was evaporated to yield 43 mg, 87% of the 
benzyl ether product as a yellow oil. The spectral data matched that previously reported.40  
OMe
O
 
Preparation of Bn-O(4-OMe-C6H4) (3.14).  
In a glovebox, a 20 mL scintillation vial equipped with a stir bar 
was charged with potassium aryloxide (103 mg, 0.634 mmol).  
Benzyl bromide (180 μL, 0.736 mmol) was added to the reaction vial dropwise.  The suspension 
was stirred for 2 h. At this time, the reaction was removed from the glovebox, filtered through a 
plug of Celite, and the Celite was rinsed with THF. The solvent was removed by rotary 
evaporation. The crude material was purified by silica gel column chromatography, eluting with 
6% ethyl acetate in hexane. The solvent was evaporated to yield 125 mg, 91% of the benzyl ether 
product as a white powder. The spectral data matched that previously reported.41  
OMeO
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Preparation of Bn-O(4-Me-C6H4) (3.15). 
In a glovebox, a 20 mL scintillation vial equipped with a stir bar was 
charged with potassium aryloxide (80.7 mg, 0.552 mmol).  Benzyl 
bromide (100 mg, 0.586 mmol) was added to the reaction vial dropwise.  The suspension was 
stirred for 5 h at 70 oC. At this time, the reaction was filtered through a plug of Celite, and the 
Celite was rinsed with THF. The solvent was removed by rotary evaporation. The crude material 
was purified by silica gel column chromatography, eluting with 25% ethyl acetate in hexane. The 
solvent was evaporated to yield 91.5 mg, 84% of the benzyl ether product as a white powder. 
The spectral data matched that previously reported.42  
O
 
Preparation of Bn-O(4-Cl-C6H4) (3.16). 
In a glovebox, a 20 mL scintillation vial equipped with a stir bar was 
charged with potassium aryloxide (73 mg, 0.50 mmol).  Benzyl 
bromide (90 mg, 0.52 mmol) was added to the reaction vial dropwise.  The suspension was 
stirred for 2 h. At this time, the reaction was removed from the glovebox, filtered through a plug 
of Celite, and the Celite was rinsed with THF. The solvent was removed by rotary evaporation. 
The crude material was purified by silica gel column chromatography, eluting with 25% ethyl 
acetate in hexane. The solvent was evaporated to yield 88 mg, 81% of the benzyl ether product 
as an off-white powder. The spectral data matched that previously reported.41 
OCl
 
Preparation of Bn-O(4-CF3-C6H4) (3.17). 
In a glovebox, a 20 mL scintillation vial equipped with a stir bar was 
charged with potassium aryloxide (20.4 mg, 0.101 mmol).  Benzyl OF3C
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bromide (31.6 mg, 0.184 mmol) was added to the reaction vial dropwise.  The suspension was 
stirred for 5 h at 70 oC. At this time, the reaction was filtered through a plug of Celite, and the 
Celite was rinsed with THF. The solvent was removed by rotary evaporation. The crude material 
was purified by preparatory TLC, eluting with hexane. The compound was washed from the 
product-laden silica using CH2Cl2. The CH2Cl2 was removed by rotary evaporation, yielding 
12.4 mg, 48% of the benzyl ether product as a white powder. The spectral data matched that 
previously reported.43  
 
Preparation of Bn-O(3,5-CF3-C6H3) (3.18). 
In a glovebox, a 20 mL scintillation vial equipped with a stir bar was 
charged with potassium aryloxide (101 mg, 0.38 mmol).  Benzyl 
bromide (76 mg, 0.44 mmol) was added to the reaction vial dropwise.  
The suspension was stirred for 2 h. At this time, the reaction was filtered through a plug of 
Celite, and the Celite was rinsed with THF. The solvent was removed by rotary evaporation. The 
crude material was purified by silica gel column chromatography, eluting with hexane. The 
solvent was evaporated to yield 66 mg, 55% of the benzyl ether product as a white powder. 1H 
NMR (400 MHz, CDCl3) δ 5.15 (s, 2H), 7.40-7.48 (m, 7H), 7.52 (s, 1H). 19F{1H} NMR (376 
MHz, CDCl3) δ -63.5. 13C{1H} NMR (101 MHz, CDCl3) δ 70.7, 114.5 (sept, J = 3.8 Hz), 115.2 
(d, J = 3.0 Hz), 123.2 (q, J = 273.5 Hz), 127.6, 128.6, 128.8, 132.8 (q, J = 33.7 Hz), 135.3, 
159.3. Anal. Calcd for C15H10F6O: C, 56.26; H, 3.15. Found: C, 55.99; H 3.05. 
O
F3C
F3C
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Preparation of Bn-O(3,5-Me-C6H3) (3.19). 
In a glovebox, a 20 mL scintillation vial equipped with a stir bar was 
charged with potassium aryloxide (121 mg, 0.75 mmol).  Benzyl bromide 
(146 mg, 0.85 mmol) was added to the reaction vial dropwise.  The 
suspension was stirred for 2 h. At this time, the reaction was removed from the glovebox, filtered 
through a plug of Celite, and the Celite was rinsed with THF. The solvent was removed by rotary 
evaporation. The crude material was purified by silica gel column chromatography, eluting with 
a gradient of hexane to 25% ethyl acetate in hexane. The solvent was evaporated to yield 148 
mg, 92% of the benzyl ether product as a yellow oil. The spectral data matched that previously 
reported.44 
O
 
Preparation of Naphthylmethyl-O(3,5-CF3-C6H3) (3.20). 
 In a glovebox, a 20 mL scintillation vial equipped with a stir bar 
was charged with potassium aryloxide (85 mg, 0.32 mmol).  
Naphthylmethyl bromide (72 mg, 0.32 mmol) was added to the 
reaction vial dropwise.  The suspension was stirred for 2 h at 55 oC. At this time, the reaction 
was filtered through a plug of Celite, and the Celite was rinsed with THF. The solvent was 
removed by rotary evaporation. The crude material was purified by silica gel column 
chromatography, eluting with hexane. The solvent was evaporated to yield 89 mg, 76% of the 
benzyl ether product as a white powder. 1H NMR (400 MHz, CDCl3) δ 5.26 (s, 2H), 7.47 (s, 2H), 
7.55-7.57 (m, 4H), 7.89-7.94 (m, 4H). 19F{1H} NMR (376 MHz, CDCl3) δ -63.4. 13C{1H} NMR 
(101 MHz, CDCl3) δ 70.8, 114.5 (sept, J = 5.8 Hz), 115.2 (d, J = 3.0 Hz), 123.2 (q, J = 273.6 
O
F3C
F3C
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Hz), 125.1, 126.4, 126.5, 126.7, 127.8, 128.0, 128.7, 132.7, 133.0 (q, J = 33.0 Hz), 133.2, 133.3, 
159.2. Anal. Calcd for C19H12F6O: C, 61.63; H, 3.27. Found: C, 61.38; H, 3.15. 
 
Preparation of Mesitylmethyl-O(3,5-CF3-C6H3) (3.21). 
 In a glovebox, a 20 mL scintillation vial equipped with a stir bar 
was charged with potassium aryloxide (73 mg, 0.27 mmol).  
Mesitylmethyl bromide (83 mg, 0.28 mmol) was added to the 
reaction vial dropwise.  The suspension was stirred for 2 h at 55 oC. At this time, the reaction 
was filtered through a plug of Celite, and the Celite was rinsed with THF. The solvent was 
removed by rotary evaporation. The crude material was purified by silica gel column 
chromatography, eluting with hexane. The solvent was evaporated to yield 63 mg, 63% of the 
benzyl ether product as a white powder. 1H NMR (500 MHz, CDCl3) δ 2.35 (s, 3H), 2.41 (s, 6H), 
5.13 (s, 2H), 6.98 (s, 2H), 7.45 (s, 2H), 7.53 (s, 1H). 19F{1H} NMR (470MHz, CDCl3) δ -63.5. 
13C{1H} NMR (126 MHz, CDCl3) δ 19.4, 21.0, 65.3, 114.3 (sept, J = 3.8 Hz), 114.8 (d, J = 2.6 
Hz), 123.2 (q, J = 273.3 Hz), 128.5, 129.3, 132.9 (q, J = 33.3 Hz), 138.0, 139.0, 159.8. Anal. 
Calcd for C18H16F6O: C, 59.67; H, 4.45. Found: C, 59.61; H, 4.37. 
O
F3C
F3C
 
Preparation of 2,3,5-trimethylbenzyl-O(3,5-CF3-C6H3) (3.22). 
 In a glovebox, a 20 mL scintillation vial equipped with a stir bar 
was charged with (DPPF)Pd(Mesitylmethyl)Br (48.9 mg, 0.0559 
mmol). Benzene (5 mL) was added to the 20 mL vial to suspend the 
palladium complex. DPPF (37.2 mg, 0.0671 mmol) was added to 
the palladium complex as a suspension in 2 mL of benzene. Potassium aryloxide (16.9 mg, 
O
CF3
CF3
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0.0630 mmol) was added to the reaction vial as a solution in 3 mL benzene.  The resulting 
mixture was stirred for 2 h at 55 oC.  At this time, the reaction was filtered through a plug of 
Celite, and the Celite was rinsed with benzene. The solvent was removed by rotary evaporation. 
The crude material was purified by preparative TLC, eluting with hexane. The compound was 
washed from the product-laden silica using CH2Cl2. The CH2Cl2 was removed by rotary 
evaporation, yielding 8.6 mg, 42% of a mixture of benzyl ether products 3.21 and 3.22 in a ratio 
of 1.8:1. 1H NMR (500 MHz, CDCl3) δ 2.24 (s, 3H), 2.31 (s, 3H), 2.32 (s, 3H), 5.08 (s, 2H), 7.04 
(s, 1H), 7.07 (s, 1H), 7.41 (s, 2H), 7.49 (s, 1H). 19F{1H} NMR (470 MHz, CDCl3) δ -
63.5.13C{1H} NMR (126 MHz, CDCl3) δ 14.5, 20.2, 20.7, 70.1, 114.4 (sept, J = 3.8 Hz), 115.1 
(d, J = 3.8 Hz), 123.2 (q, J = 273.3 Hz), 127.9, 131.5, 132.6 (d, J = 33.3), 132.9, 133.0, 135.2, 
137.4, 159.5.  
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Chapter 4: C(sp3)-N Bond-Forming Reductive Elimination of Alkylamines. Reactions of 
Bisphosphine-Ligated Alkylpalladium(II) Amido Complexes. 
______________________________________________________________________________ 
 
4.1 Introduction 
Reductive elimination of a C(sp3)-N bond has been a proposed step in catalytic reactions, 
but the stoichiometric reaction from isolated complexes has been observed in only a few cases. 
Thus far, the only isolated complexes that undergo reductive elimination to form a C(sp3)-N 
bond are based on high-valent Pt(IV) or Ni(III) complexes. A few of these examples were 
presented in Chapter 2 and will be briefly reviewed in this chapter.  
Hillhouse et al. reported the formation of indoline and aziridine derivatives from Ni(II) 
complexes after oxidation to a Ni(III) intermediate.1, 2 An in-situ-generated Ni(III) complex 
underwent reductive elimination to form the C(sp3)-N bond in higher yield than reductive 
elimination from the Ni(II) complex without an oxidant (Scheme 4.01). The mechanism of the C-
N reductive elimination reaction was proposed to occur by either homolysis or heterolysis of the 
Ni-N bond.1 
 
 
Scheme 4.01 Reductive elimination from Ni(III) and Ni(II) metallacyclic complexes. 
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Another example of alkyl C-N reductive elimination is the formation of methyl-
sulfonamide from methylplatinum(IV) sulfonamide complexes.3 The proposed mechanism of C-
N bond formation involves reversible dissociation of the sulfonamide ligand, followed by 
nucleophilic attack on a coordinated methyl ligand (Scheme 4.02).  
 
  
Scheme 4.02 Reductive elimination of methyl-sulfonamide from a Pt(IV) complex. 
 
 
The previous two examples demonstrate that C(sp3)-N reductive elimination can occur 
from high-valent Ni(III) and Pt(IV) complexes. However, the analogous reaction from low-
valent Pd(II) complexes has not been observed. The research groups of Caddick and Cloke 
reported that when isolated neopentylpalladium(II) amino complexes were thermolyzed in the 
presence of base, C-N reductive elimination did not occur, but rather, neopentane and free 
morpholine were formed (Equation 4.01).4, 5   
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As discussed in Chapters 2 and 3, thermolysis of methylpalladium amido6 and aryloxide7 
complexes did not form methylamine or methyl ether products. The difference in reactivity 
between the benzyl and methyl complexes could be due to the η3-coordination available to the 
benzyl ligand. Alternatively, the increased electrophilicity of the benzyl ligand relative to a 
simple alkyl ligand might facilitate the reductive elimination process. Comparing the moderate-
to-good yields of C-N reductive elimination from Ni(III) and Pt(IV) to the lack of reactivity of 
Pd(II) complexes demonstrates that reductive elimination from low-valent complexes is an 
uncommon elementary reaction.  
Despite the scarcity of isolated complexes that undergo reductive elimination to form a 
C(sp3)-N bond, the C-N bond-forming reaction is a proposed step in several catalytic cycles. 
Lautens, Catellani and coworkers reported the palladium-catalyzed formation of a norbornyl 
indoline product.8, 9 The proposed catalytic cycle starts by oxidative addition of an ortho-iodo-
acetanilide to Pd(0). Next, norbornene inserts into the Pd-aryl bond, and then an external base 
deprotonates the acidic acetanilide N-H bond. Reductive elimination is proposed to form the 
C(sp3)-N bond of the norbornyl indoline product (Scheme 4.03). Due to geometric constraints, 
the C-N reductive elimination reaction is likely required to occur by a concerted mechanism 
rather than by nucleophilic attack, although further studies to isolate the metallacyclic complexes 
have not been performed. 
 
177 
 
 
Scheme 4.03 Proposed catalytic cycle for the formation of a norbornyl indoline product by a palladium 
catalyst. 
 
Glorius et al. reported the combination of C(sp3)-H activation and C-N bond-formation 
for the preparation of N-acetyl-indoline compounds without a nitrene intermediate.10 Ortho-tBu-
acetanilides were cyclized in the presence of a palladium catalyst and a silver oxidant (Scheme 
4.04). The presence of an N-acetyl residue was required for the reaction to proceed in high yield; 
the free aniline did not provide the cyclized product. The proposed mechanism involves the 
formation of a palladium-amidate complex, followed by C-H activation to afford an 
azametallacyclohexane palladium(II) intermediate. The metallacyclic intermediate either 
undergoes C-N reductive elimination from the Pd(II) complex, or undergoes oxidation to a 
Pd(IV) species prior to C-N reductive elimination. Whether C-N bond-forming reductive 
elimination occurs from a Pd(II) complex or from a Pd(IV) complex is unclear at this time.   
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Scheme 4.04 Proposed mechanism of C-H activation/C-N reductive elimination for a palladium-catalyzed 
cyclization reaction. 
 
 An intermolecular C(sp3)-H activation and C-N bond-formation methodology was 
recently reported by the Buchwald group (Equation 4.02).11 The palladium-catalyzed reaction of 
an ortho-tBu-aryl bromide with aniline formed the product of N-alkylation, rather than the 
expected diarylamine. The presence of the SIPr carbene as a ligand for the palladium was crucial 
for the success of this amination reaction. The proposed reductive elimination from this NHC-
ligated palladium complex to form a C(sp3)-N bond contrasts with the reactivity of NHC-
palladium neopentyl complexes previously reported by Caddick and Cloke et al.4, 5  
 
 
  
Despite the prevalence of C(sp2)-N reductive elimination reactions, C(sp3)-N reductive 
elimination reactions are rare. This brief summary of prior literature shows that reductive 
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elimination from low-valent metal complexes has not been accomplished. We attempted to 
synthesize and isolate alkylpalladium(II) amido complexes to study the C-N reductive 
elimination reaction from low-valent group 10 complexes, and to understand the mechanism by 
which these complexes form a C-N bond. We show that reductive elimination from 
alkylpalladium complexes occurs to form alkylamines from metallacyclic as well as non-
metallacyclic complexes.  
 
4.2 Reductive Elimination from Alkylpalladium Amido Complexes  
To investigate reductive elimination from alkylpalladium complexes, we synthesized a 
series of alkylpalladium complexes that cannot undergo β-hydride elimination. Alkyl complexes 
lacking β-hydrogens serve as stabilized alkylmetal complexes, while not allowing for the 
coordination through a π-system that is available for allyl or benzyl ligands. We examined 
complexes containing different hydrocarbyl ligands to discover an alkylpalladium amido 
complex that can undergo C-N reductive elimination. 
 
4.2.1 Reductive Elimination from Neopentylpalladium Amido Complexes 
Allowing (COD)Pd(alkyl)Cl to react with 2 equivalents of a bisphosphine and then 
potassium diarylamide generated bisphosphine alkylpalladium amido complexes in situ. The 
reaction mixture was thermolyzed at 80 oC, and the alkylamine product was detected by GC/MS 
(Table 4.01). Only complexes containing a neopentyl hydrocarbyl ligand underwent C-N 
reductive elimination to form the alkylamine product. Our observation that neopentylpalladium 
complexes containing bisphosphine ligands undergo C(sp3)-N reductive elimination contrasts 
with the reactivity of (NHC)-ligated neopentylpalladium complexes previously reported.4, 5 Also, 
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neophylpalladium complexes ligated by SiPr did not undergo reductive elimination, and this 
observation contrasts with the catalytic reaction recently reported by Buchwald et al.11   
 
Table 4.01 Reductive elimination from in-situ-generated alkylpalladium amido complexes. 
 
R Ph2P-PPh2 Yield (%) 
H DPPF 0 
H Xantphos 0 
CF3 DPPF 0 
C(Me)2Ph Xantphos 0 
C(Me)2Ph DPEPhos 0 
C(Me)2Ph SiPr 0 
TMS Xantphos 0 
TMS DPEphos 0 
CMe3 DPPF 13 
CMe3 BINAP 16 
CMe3 Xantphos 27 
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We attempted to isolate two of the complexes that afforded the C-N reductive elimination 
product: a DPPF-ligated and a Xantphos-ligated neopentylpalladium amido complex. Allowing 
(COD)Pd(neopentyl)Cl to react with the bisphosphine ligand, followed by the addition of 
potassium di-p-tolyl-amide, afforded the neopentylpalladium amido complex. Thermolysis of 
isolated (Xantphos)Pd(neopentyl)(N(p-tolyl)2) (4.01) and isolated (DPPF)Pd(neopentyl)(N(p-
tolyl)2) (4.02) in benzene-d6 resulted in the formation of 32% and 16% of the neopentyl-
diarylamine product, respectively. The good agreement of the yield of the N-neopentyl-
diarylamine product from isolated and in-situ-generated complexes indicates that the C-N 
reductive elimination reaction occurs from a bisphosphine-ligated neopentylpalladium amido 
complex. Whether the complex is isolated or prepared in situ does not appear to significantly 
affect the yield of the C-N reductive elimination reaction. 
To investigate the potential to improve the yield of the reductive elimination reaction, we 
investigated reductive elimination from complexes containing different ligands (Table 4.02). As 
expected from the report by the Caddick group, complexes ligated by IMes did not afford the 
reductive elimination product. Neither a monodentate phosphine ligand nor a chelating pyridyl 
ligand afforded the C-N reductive elimination product. From the data collected, only 
bisphosphine-ligated complexes underwent C-N reductive elimination to form the N-neopentyl-
diarylamine 4.03. A side product observed in some reactions, listed as compound 4.04 in Table 
4.02, resulted from alkylation at the ortho position of the diarylamide ligand. Independent 
synthesis of the ortho alkylation product by the series of reactions shown in Scheme 4.05 
confirmed the identity of this compound as 4.04. The mechanism for the formation of compound 
4.04 is unclear at this time, although no isomerization of complex 4.02 was observed during the 
reductive elimination reaction. 
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Table 4.02 Study of different ligand structural motifs for the alkyl C-N reductive elimination reaction.  
 
Ligand Yield of 4.03 (%) Yield of 4.04 (%) 
IMes 0 0 
P(o-tolyl)3 0 0 
DtBu-bpy 0 0 
DPPF 14 7 
Xantphos 27 9 
 
 
 
Scheme 4.05 Independent synthesis of compound 4.04. 
 
The Xantphos-ligated complex provided the highest yield of N-neopentyl-diarylamine. 
Xantphos is a wide-bite-angle ligand and has been shown to promote the unfavorable aryl-CF3 
reductive elimination reaction.12 We considered that the wide bite angle of the Xantphos ligand 
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structure could result in an improved yield of the N-neopentyl-diarylamine product. 
Benzoxantphos13 and DBFphos14 were synthesized to test the effect of the bite angle on the yield 
of product formation. Unfortunately, neither complexes of DPFphos nor Benzoxantphos afforded 
the desired C-N reductive elimination product; rather, these complexes led to the exclusive 
formation of the undesired ortho-alkylation by-product 4.04 (Table 4.03).  
 
Table 4.03 Effect of the bite angle of the Xantphos ligand structure on the yield of the C-N reductive 
elimination product.  
+2 L
+ KN(p-tolyl)2
Pd
Cl
C6H6
80 oC
NH
4.03 4.04
(p-tolyl)2N
tBu
+
+ Pd(0)Ln
-COD
-KCl
(p-tolyl)
 
Ligand Bite Angle Yield of 4.03 (%) 
Yield of 
4.04 (%) 
Xantphos 11115 27 9 
Benzoxantphos 12113 0 65 
DBFphos 13816 0 10 
 
 
Xantphos-ligated palladium complexes are known to undergo cis/trans isomerization by 
dissociation of an anionic ligand and coordination of the central oxygen atom to the metal 
center.17 Coordination of the oxygen atom may stabilize the dissociation of the amido ligand, 
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allowing more facile reductive elimination by an ionic mechanism. We tested this hypothesis by 
synthesizing ligands that contained nitrogen or sulfur central atoms at the position of the oxygen 
in a rigid Xantphos-like structure. Acriphos18 and Thioxantphos13 were synthesized to test the 
effect of the central heteroatom on the yield of the reductive elimination.  Unfortunately, neither 
complexes of Acriphos nor Thioxantphos afforded the desired C-N reductive elimination 
product. Complexes of Acriphos did not provide either 4.03 or 4.04, and complexes of 
Thioxantphos led to the exclusive formation of the undesired ortho-alkylation by-product 4.04 
(Table 4.04).  
 
Table 4.04 Effect of the central heteroatom donor atom on the yield of the C-N reductive elimination 
product.  
 
Ligand Yield of 4.03 (%) Yield of 4.04 (%) 
Xantphos 27 9 
Acriphos 0 0 
Thioxantphos 0 56 
S
PPh2 PPh2
Thioxantphos  
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We considered that the low yield of the reductive elimination of N-neopentyl-diarylamine 
could be a function of the di-p-tolyl-amido ligand chosen for the initial reactions. To test the 
effect of the amido ligand, we prepared Xantphos-ligated palladium complexes containing 
different amido ligands and measured the yield of the product from C-N reductive elimination. 
Complexes containing electron-withdrawing 3,5-trifluoromethyl substituents on the diarylamide 
ligand did not afford the reductive elimination product. Complexes containing an electron-
donating para-methoxy substituent provided the C-N reductive elimination product, albeit in 
slightly lower yield than the reaction of the di-p-tolyl-amido complex. The complex of the para-
tert-butyl anilido ligand afforded the corresponding imine product, presumably from a 
combination of reductive elimination and dehydrogenation of the resulting amine. A complex 
ligated by the more electron-deficient tosylamide ligand did not provide the corresponding 
product from C-N reductive elimination. Finally, the complex of the diphenylmethyleneimido 
provided a modest yield of the N-neopentylimine product from reductive elimination (Table 
4.05). 
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Table 4.05 Effect of electron-donating and electron-withdrawing substituents on the amido ligand on the 
yield of C-N reductive elimination. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
If the mechanism of reductive elimination from benzylpalladium complexes is similar to 
reductive elimination from neopentylpalladium complexes, then an SN2 reaction is required at a 
neopentyl carbon. Prior studies on the relative rates of nucleophilic displacement of halides from 
alkyl electrophiles by nucleophiles are well known to show that SN2 reactions at neopentyl sites 
are slow.19 The reaction between neopentyl bromide and ethoxide occurred 7 orders of 
magnitude more slowly than the reaction of methyl bromide with ethoxide (Table 4.06).20 
Ligand “N” Yield of A (%) Yield of B (%) 
Xantphos N(p-tolyl)2 27 9 
Xantphos N(p-OMe-C6H4)2 25 9 
Xantphos N(3,5-CF3-C6H3)2 0 0 
Xantphos NH(p-tBu-C6H4) 11a 0 
Xantphos NHTs 0 NA 
Xantphos BPI 27 NA 
N
BPI
a The compound observed was the imine.
tBu
N tBu
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Because reductive elimination does not occur from methylpalladium amido analogs of the 
neopentyl complexes, and reductive elimination does occur from the neopentylpalladium amido 
complexes 4.01 and 4.02, it is unlikely that the reductive elimination from neopentylpalladium 
complexes 4.01 and 4.02 occurs by a mechanism involving an SN2 pathway. Rather, reductive 
elimination likely occurs by a concerted mechanism that is promoted by the increased steric bulk 
imposed by the neopentyl ligand.  
 
Table 4.06 Relative rates of nucleophilic substitution of alkyl halides. 
 
R Relative Rate 
Me 1 
Et 4.3×10-2 
Pr 1.4×10-3 
Neopentyl 2.1×10-7 
 
 
4.2.2 Reductive Elimination from Azametallacyclopalladium Complexes 
To increase the yields of products formed by C-N bond-forming reductive elimination 
from alkyl amido complexes, we investigated analogous reactions of metallacyclic complexes. 
Azametallacyclic nickel complexes were previously shown to undergo reductive elimination in a 
higher yield than non-metallacyclic nickel complexes.1, 2 One synthetic route to an 
azametallacyclic complex is the reaction of an azide or an iminoiodinane reagent with a 
cylometallated hydrocarbyl complex. The reaction of (COD)Pd(neophyl)Cl with NaOH afforded 
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the known metallacyclopentane complex (Scheme 4.06).21 Reaction of the resulting metallacycle 
with bipyridine resulted in the displacement of the COD ligand. However, the reaction of the 
bipyridine-ligated metallacyclic complex with phenyl azide did not result in the insertion of 
“NPh” into the Pd-aryl bond, even at elevated temperatures. In contrast, reaction of the 
bipyridine-ligated metallacyclic complex with a tosyliminophenyliodinane22 afforded the product 
arising from “NTs” insertion into the Pd-aryl bond (Scheme 4.06). Insertion of the nitrene unit 
into the Pd-aryl bond was confirmed by quenching the reaction between the cyclometallated 
palladium complex and tosyliminophenyliodinane with HCl. Analysis of the organic products 
revealed the formation of N-tosyl-2-tBu-aniline. Thermolysis of the azametallacyclic complex 
generated in situ afforded the indoline product in 43% yield (Equation 4.03). Although this 
reaction yielded the product from reductive elimination to form an alkyl-nitrogen bond, only 
amines containing strong electron-withdrawing substituents, such as a tosyl group, form stable 
iminoiodinane reagents. Thus, we sought to synthesize azametallacyclic complexes by another 
route.  
 
(COD)Pd
Cl
NaOH
(COD)Pd
bpy, PhN3 (bpy)Pd
PhN
bpy,
(bpy)Pd
TsN
PhI=NTs
 
Scheme 4.06 Synthesis of alkylpalladium amido metallacyclic complexes. 
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Both the Lautens and Catellani research groups have reported the formation of a 
norbornyl indoline product from the reaction of o-iodo-acetanilide with norbornene,8, 9 but no 
potential catalytic intermediates have been prepared. We hypothesized that geometric constraints 
could require that the C-N reductive elimination reaction occurs by a concerted mechanism. To 
use this information as a basis for observing reductive elimination to form an alkyl-nitrogen 
bond, we investigated the synthesis of the azametallacycle complexes in Scheme 4.07. By this 
scheme, insertion of olefins into the Pd-aryl bond of the ortho-amine palladium complex forms 
the alkyl amine complex.  These alkyl complexes would be stable to β-hydride elimination 
because these hydrogen atoms are geometrically inaccessible for the elimination reaction. Of the 
alkenes we studied, only norbornene reacted cleanly to form the insertion product. No insertion 
product was observed by 31P NMR spectroscopy from reaction of the other olefins investigated 
(Table 4.07).  
 
P
P
Pd
Br
RHN
R'
R'
AgOTf
Base
-Base-H
- AgBr
N
+ OTf-
Pd
P
P
HR
R' R'
N
Pd
P
P
R
R' R'  
Scheme 4.07 Synthetic route for the preparation of azametallacyclic palladium complexes. 
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Table 4.07 Insertion of olefins into a Pd-aryl bond to form an alkyl complex. 
 
Olefin Outcome 
 
No insertion 
 
No insertion 
 
No insertion 
 
No insertion 
 
Clean insertion product 
 
The catalytic method for coupling an ortho-iodo-acetanilide with norbornene employed a 
monodentate phosphine ligand, but we proposed that a complex containing a bisphosphine ligand 
would be more stable, and the bisphosphine ligand would enforce a cis configuration of the alkyl 
and amido ligands. A general synthetic route to these bisphosphine norbornylpalladium amido 
complexes is shown in Scheme 4.08. The reaction of (Cp)Pd(η3-allyl) with DPPF and an o-
bromoaniline formed a (DPPF)Pd(o-aniline)(Br) complex. The reaction of the arylpalladium 
bromide complex with AgOTf in the presence of norbornene formed the η2-olefin-coordinated 
complex. The AgBr was removed from the reaction mixture by filtration, and the solution of the 
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olefin complex was heated at 50 oC. This procedure resulted in insertion of the alkene into the 
Pd-aryl bond. Conducting the reaction in a polar-coordinating solvent, such as THF, resulted in 
the formation of the THF adduct, rather than the olefin complex. Attempted deprotonation of the 
cationic norbornylpalladium amino complexes with NaOH in THF generally afforded the amido 
complex, but the yield of the neutral complex was low and the complex was difficult to purify. 
For this reason, the amido complexes studied were generated by in situ deprotonation of the 
cationic norbornylpalladium amine complex. Unfortunately, complexes ligated by bisphosphines 
other than DPPF derivatives did not undergo insertion of the olefin into the Pd-aryl bond. The 
amidate complex 4.09 was isolated as the neutral complex in very low yield and was found to be 
insoluble in common organic solvents.  
 
 
Pd
N
Fe
P
P
Ar2
Ar2 H2
R
4.05. Ar = 4-CF3-C6H4, R = H
4.06. Ar = 4-OMe-C6H4, R = H
4.07. Ar = Ph, R = CF3
4.08. Ar = Ph, R = OMe
+ OTf-
Pd
AcN
Fe
P
P
Ph2
Ph2
4.09.
 
Scheme 4.08 Synthetic route for the preparation of metallacyclic norbornylpalladium complexes. 
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An X-ray crystal structure of the cationic aniline complex 4.08 prior to deprotonation of 
the N-H bond and coordination to palladium is shown in Figure 4.01, with the counterion 
removed for clarity.  The important bond angles and bond lengths are included in the 
experimental section.  The salient features of the structure of this complex include the relative 
syn configuration of the palladium and aryl group on the norbornyl bicyclic core. This geometry 
predicts that reductive elimination to form an indoline product by a concerted mechanism should 
form the product with the amide and aryl bonds on the exo face of the norbornyl bicyclic core. 
Reductive elimination by an ionic mechanism and backside attack onto the Pd-norbornyl bond 
would generate a less favorable trans-fused indoline. Concerted reductive elimination to form a 
C(sp3)-O bond from a metallaoxetane complex to form exo-epoxynorbornane has been reported 
by Vedernikov.23   
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Figure 4.01 X-ray crystal structure of complex 4.08. 
 
To assess the ability of the amido complexes derived from 4.05-4.08 to undergo reductive 
elimination, the cationic complexes 4.05-4.08 were allowed to react with a strong base to 
generate the amido complex in benzene-d6. Solutions of these in-situ-prepared amido complexes 
were heated at 80 oC for 4 h, and the yield of the indoline product was measured by GC/MS. The 
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reactions were conducted with added DPPF or DPPF derivatives to trap the Pd(0) product. As 
shown in Table 4.08, complexes containing electron-withdrawing substituents on the ancillary 
phosphine ligand formed the product from C-H reductive elimination in higher yield than those 
containing electron-donating substituents. Generally, electron-poor complexes undergo reductive 
elimination faster than electron-rich complexes, and the C-N reductive elimination reaction 
presented here follows the general trend.  
Electron-donating substituents on the amido ligand result in an accelerated rate of C(sp2)-
N reductive elimination from arylpalladium amido complexes. Complexes with electron-
withdrawing substituents on the amido ligand or the azametallacyclic complexes result in a 
higher yield of the indoline product than complexes with an electron-donating substituent on the 
amide ligand. In contrast, reductive elimination to form a C(sp2)-N bond from an arylpalladium 
amido complex was found to be accelerated by the incorporation of electron-donating 
substituents on the amido ligand, rather than electron-withdrawing substituents. Reductive 
elimination from the amidate complex 4.09 occurred in 50% yield in nitrobenzene-d5. Therefore, 
reductive elimination from these metallacyclic complexes exhibits a reversal in the dependence 
on electronic parameters relative to reductive elimination to form C(sp2)-N bonds.      
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Table 4.08 Reductive elimination occurs from metallacyclic palladium complexes to afford an indoline 
derivative. 
 
Complex Ar R R′ Yield (%) 
4.05 4-CF3-C6H4 H H 57 
4.06 4-OMe-C6H4 H H 32 
4.07 Ph CF3 H 49 
4.08 Ph OMe H < 5 
4.09 Ph H Ac 50a 
a Conducted in nitrobenzene-d5. 
 
The synthetic route described above was not conducive to the preparation of complexes 
containing a series of bidentate ligands to study the effect of the bite angle. Thus, we sought a 
common precursor to simplify the preparation of these metallacyclic complexes. Milstein 
reported that allowing (DiPPE)Pd(Ph)Cl to react with norbornene formed a complex in which the 
olefin has inserted into the Pd-aryl bond (Equation 4.04).24 Insertion of the olefin occurs only 
when the reaction is conducted in DMF.  The polar DMF solvent is proposed to stabilize the 
dissociation of the chloride ligand from the palladium complex, allowing for the coordination of 
norbornene and subsequent insertion into the Pd-aryl bond.  
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We synthesized (DPPE)Pd(o-acetanilide)(Br) and found that olefin insertion occurs, as 
expected, to form the norbornylpalladium complex in DMF (Equation 4.05). Allowing the 
norbornylpalladium product to react with base afforded the amidate complex in situ. Heating the 
reaction mixture containing the amidate complex in the presence of DPPE as a trap for the Pd(0) 
product did not result in the formation of the indoline product (Equation 4.06).  
Considering that the insertion of norbornene occurs for complexes ligated by DPPE, we 
proposed that the insertion of norbornene might also occur for complexes ligated by DPPF. We 
allowed (DPPF)Pd(o-acetamide)(Br) to react with norbornene in DMF, but the product from 
olefin insertion into the Pd-aryl bond was not observed. Finally, we considered displacing the 
DPPE ligand, apparently necessary for the insertion reaction, for a ligand that can promote C-N 
reductive elimination. Unfortunately, our attempts at displacing the DPPE ligand with another 
bisphosphine, such as DPPF, did not result in the formation of the DPPF-ligated complex 
(Equation 4.07).  
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Due to the low yield in the synthesis of the metallacyclic complexes, the inability to 
prepare complexes with other bisphosphine ligands, the insolubility of these metallacyclic 
complexes, and low-to-moderate yield of the C-N reductive elimination product, we chose to 
investigate a new series of alkyl complexes that are resistant to β-hydrogen elimination and do 
not possess a metallacyclic structure.  We reasoned that such alkyl complexes containing a series 
of different amido and bisphosphine ligands could be synthesized from a common precursor and 
might be more soluble in common organic solvents than the metallacyclic norbornylpalladium 
complexes.   
 
4.2.3 Reductive Elimination from Norbornylpalladium Amido Complexes 
Similar to the insertion of norbornene into a Pd-aryl bond, the insertion of norbornene 
into a Pd-methyl bond occurs to form a stable methyl-norbornylpalladium complex (Equation 
4.08).25 Insertion of norbornene into the Pd-Me bond occurs with syn configuration to place the 
palladium center and the methyl group on the exo face of the norbornyl bicyclic core. The COD 
ligand was easily displaced by bisphosphine ligands, and the addition of a potassium diarylamide 
salt afforded the norbornylpalladium amido complex. From this synthetic route a series of 
bisphosphine-ligated norbornylpalladium amido complexes were synthesized from a common 
precursor (Scheme 4.09).  
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Scheme 4.09 Proposed synthetic route to norbornylpalladium amido complexes. 
 
Thermolysis of an in-situ-generated DPPF-ligated palladium amido complex resulted in 
the formation of two norbornyl compounds that we hypothesized to be the isomeric 2-endo,3-exo 
(4.10) and 2-exo,3-exo (4.11) amine products in 24% combined yield, as observed by GC/MS 
(Equation 4.09). To confirm the presence, and configuration, of the two norbornyl amine 
products 4.10 and 4.11, both norbornyl amine compounds were prepared as pure diastereomers 
by independent methods.  
 
 
 
Compound 4.10 was prepared by the Diels-Alder reaction of freshly cracked 
cyclopentadiene with trans-crotonic acid to afford two diastereomers of the norbornene 
carboxylic acid. The two diastereomers of the norbornene carboxylic acid were hydrogenated to 
the norbornane carboxylic acid by catalytic palladium on carbon in methanol. Next, a Curtius 
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reaction was conducted to transform the norbornane carboxylic acid to 2-amino-3-methyl-
norbornane. Finally, Buchwald-Hartwig cross-coupling conditions afforded the 2-ditolylamino-
3-methyl-norbornane derivative. Silica gel chromatography of the reaction mixture allowed for 
the separation of the two diastereomers of the 2-endo,3-exo diarylamino-methyl-norbornane 4.10 
(Scheme 4.10). 
 
 
Scheme 4.10 Synthetic route followed to prepare diasteromerically pure diarylamino-methyl-norbornane 
4.10. 
 
The preparation of compound 4.11 was attempted through the same route outlined in 
Scheme 4.10, starting from cis-crotonic acid, but the cis-crotonic acid isomerized to the 
thermodynamically stable trans-crotonic acid during the Diels-Alder reaction. A new route was 
envisioned involving the reaction of norbornene with chlorosulfonyl isocyanate, generating a 
norbornane sulfonyl lactam.26 The norbornane sulfonyl lactam was reduced by thiophenol to 
afford the free norbornane lactam. Reaction of the norbornane lactam with benzenesulfonic acid 
afforded the ammonium norbornane benzenesulfonate ester salt, and after neutralization of the 
ammonium norbornane benzenesulfonate ester salt with sodium bicarbonate, Buchwald-Hartwig 
cross-coupling conditions appended the two p-tolyl groups to the amine. The reaction between 
the diarylamino-norbornane ester and lithium aluminum hydride (LAH) yielded the diarylamino-
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norbornane alcohol. Reaction of the diarylamino-norbornane alcohol with tosyl chloride 
generated the diarylamino-norbornane tosylate. In a final reduction step, the diarylamino-
norbornane tosylate was allowed to react with LAH, affording the 2-exo,3-exo diarylamino-
methyl-norbornane derivative 4.11 (Scheme 4.11). Comparing the fragmentation pattern and 
retention time of the independently prepared 4.10 and 4.11 to the products of the thermolysis 
reaction of (DPPF)Pd(methyl-norbornyl)(amido) revealed that these two isomers were formed 
from the reductive elimination reaction in equal quantities.  
  
 
Scheme 4.11 Synthetic route followed to prepare diastereomerically pure compound 4.11. 
 
Having identified the two products from the reductive elimination reaction from a 
norbornylpalladium amido complex as 4.10 and 4.11, different bisphosphine-ligated complexes 
were investigated to determine whether the properties of the ligand affect the yield and endo/exo 
ratio of the C-N elimination reaction. From the data tabulated in Table 4.09, it is apparent that 
the C(sp3)-N reductive elimination reaction occurs from DPPF-ligated complexes, but in modest 
yield. Derivatives of the DPPF ligand with electron-donating and electron-withdrawing 
substituents were investigated to improve reaction yields. The CF3-DPPF ligand afforded the C-
N reductive elimination product in the highest yield. Complexes ligated by Josiphos and Xphos, 
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employed in C(sp2)-N bond-forming methodologies, failed to provide the alkylamine product. 
Finally, a Xantphos-ligated complex did not provide any of the alkylamine, despite providing the 
best yield for reductive elimination to form N-neopentyl-diarylamines. 
 
Table 4.09 Reductive elimination from methylnorbornylpalladium amido complexes. 
(COD)Pd
Cl
Me Me
N(p-tolyl)2
Me
N(p-tolyl)2
+
+ KN(p-tolyl)2
+ 2 Ligand
80 oC, C6H6
4.10 4.11  
Ligand Yield of 4.10 (%) Yield of 4.11 (%) 
OMe-DPPF 21 17 
DPPF 12 12 
CF3-DPPF 28 28 
Xantphos 0 0 
Acriphos 0 0 
Bpy 0 0 
Xphos 0 0 
Josiphos 0 0 
P(o-tolyl)3 0 0 
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We attempted to isolate the DPPF-ligated norbornylpalladium amido complex to study 
reductive elimination from the isolated complex.  To generate the halide precursor to the amido 
complex, (COD)Pd(methyl-norbornyl)(Cl) was allowed to react with DPPF to form 
(DPPF)Pd(methyl-norbornyl)(Cl). The reaction of (DPPF)Pd(methyl-norbornyl)(Cl) and 
potassium di-p-tolylamide in THF formed a dark-purple solution. However, the dark-purple 
solution quickly faded to a red-brown-colored solution, and our attempts at isolating the amido 
complex were unsuccessful.   
The configuration of the diarylamino-norbornane product provided insight into the 
mechanism of the C-N bond-forming reaction. The 2-endo,3-exo diarylamine product was 
formed in slightly higher yield than the 2-exo,3-exo diarylamine product, potentially indicating a 
competition between a concerted mechanism and a mechanism involving backside attack on the 
norbornyl ligand. We found that complex containing electron-withdrawing substituents on the 
ancillary ligand afford the reductive elimination product in slightly higher yield than ligands with 
electron-donating substituents on the ancillary ligand, although the combined yield of the C-N 
reductive elimination reaction remained modest. Continued research in this area will focus on the 
isolation of the norbornylpalladium amido complexes and on the identification of complexes that 
afford the alkylamine in high yield. 
 
4.3 Conclusion 
The data presented in this chapter demonstrate that C(sp3)-N reductive elimination from 
purely alkylpalladium(II) complexes can occur, but this reaction is challenging to achieve in high 
yield. Reductive elimination from the neopentylpalladium complexes and from the 
azametallacyclic norbornylpalladium complexes provided evidence for a concerted mechanism. 
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The proposed concerted C(sp3)-N bond-forming reductive elimination is similar to C(sp2)-N 
bond-forming reductive elimination reactions from other Pd(II) complexes. The stereochemical 
outcome of the reductive elimination from non-metallacyclic norbornylpalladium complexes 
indicates that an ionic and a concerted mechanism might be occurring simultaneously, although 
this conclusion is based on preliminary data. A possible ionic mechanism for C(sp3)-N reductive 
elimination is more akin to the mechanism proposed for reductive elimination from the 
benzylpalladium amido complexes reported in Chapter 2. Although the yields of the alkylamine 
products are low in each case presented here, these are the first reductive eliminations to form 
alkylamines from low-valent alkylmetal amido complexes without the addition of an oxidant. 
 
4.4 Experimental Section 
All manipulations were carried out under an inert atmosphere using a nitrogen-filled 
glovebox or standard Schlenk techniques, unless otherwise noted. All glassware was oven- or 
flame-dried immediately prior to use. Tetrahydrofuran and diethyl ether were obtained as HPLC 
grade without inhibitors; dichloromethane, pentane, and benzene were obtained as ACS reagent 
grade. All protio solvents were degassed by purging with nitrogen for 45 min and dried with a 
solvent purification system containing a 1 m column of activated alumina. Benzene-d6 and 
tetrahydrofuran-d8 were dried over sodium/benzophenone and vacuum distilled prior to use. 
Nitrobenzene-d5 was dried over 4 Å molecular sieves before use. All other reagents and solvents 
were obtained from commercial sources and used without further purification.  
1H NMR spectra were obtained at 400 or 500 MHz and recorded relative to residual 
protio solvent. 13C{1H} NMR spectra were obtained at 126 or 151 MHz, and chemical shifts 
were recorded relative to the solvent resonance. 31P{1H} NMR spectra were obtained at 162 or 
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202 MHz, and chemical shifts are reported relative to 85% H3PO4. 19F{1H} NMR spectra were 
obtained at 376 MHz, and chemical shifts are reported relative to CFCl3 in CDCl3, unless 
otherwise specified. 
Combustion analyses were performed at the Microanalysis Laboratory at the University 
of Illinois at Urbana-Champaign, Urbana, IL, or at Robertson Microlit Laboratories, Madison, 
NJ. 
 
Preparation of (Xantphos)Pd(Neopentyl)(N-(p-tolyl)2) (4.01). 
In a 20 mL scintillation vial, (Xantphos)Pd(neopentyl)Cl (82 mg, 
0.10 mmol) was dissolved in THF (5 mL). Into another vial, 
KN(p-tolyl)2 (24 mg, 0.10 mmol) was dissolved in THF (5 mL) 
and was then added to the yellow (Xantphos)Pd(neopentyl)Cl solution, resulting in a purple-
colored solution. The resulting mixture was stirred for 10 min. The THF was evaporated in 
vacuo, and then the purple residue was dissolved in toluene. The toluene solution was filtered 
through a plug of Celite. The Celite was then rinsed with toluene until the purple color had 
dissipated. The filtrate was reduced in volume to about 3 mL under reduced pressure, layered 
with pentane, and cooled to -35 oC for 12 h to complete precipitation. The purplish-pink solid 
was filtered, washed with pentanes (3 x 10 mL), and then dried in vacuo to  41 mg of complex 
4.01 (42%). 1H NMR (400 MHz, C6D6) δ 0.72 (s, 9H), 0.86 (apt, J = 6.8 Hz, 2H), 1.55 (s, 6H), 
2.30 (s, 6H), 6.71 (m, 12H), 6.84 (t, J = 6.8 Hz, 3H), 6.94 (d, J = 8.4 Hz, 1H), 7.02 (d, J = 8.0Hz, 
5H), 7.19 (d, J = 7.6 Hz, 2H), 7.33 (brm, 8H), 7.71 (d, J = 6.8 Hz, 4H).31P{1H} NMR (162 MHz, 
C6D6) δ 10.8 (br).  
 
O
PPh2
PPh2
Pd
N(p-tolyl)2
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Preparation of (DPPF)Pd(Neopentyl)(N-(p-tolyl)2) (4.02).  
In a 20 mL scintillation vial, (DPPF)Pd(neopentyl)Cl (49 mg, 0.064 
mmol) was dissolved in THF (5 mL). Into another vial, KN(p-tolyl)2 
(20 mg, 0.085 mmol) was dissolved in THF (5 mL) and was then 
added to the yellow-orange (DPPF)Pd(neopentyl)Cl solution, resulting in a crimson-colored 
solution. The resulting mixture was stirred for 10 min. The THF was evaporated in vacuo, and 
the purple residue was dissolved in benzene. The benzene solution was then filtered through a 
plug of Celite. The Celite was rinsed with benzene until the purple color had dissipated. The 
benzene solvent was evaporated in vacuo, and the residue was titurated with diethyl ether and 
pentanes to afford 56 mg of complex 4.01 (93%).1H NMR (400 MHz, C6D6) δ 0.90 (s, 9H), 2.17 
(dd, J = 6.4, 8.8 Hz, 2H), 2.28 (s, 6H), 3.61 (s, 2H), 3.88 (s, 2H), 4.05 (s, 2H), 4.61 (s, 2H), 6.84 
(m, 5H), 6.90 (d, J = 6.8 Hz, 2H), 6.95 (d, J = 8.0 Hz, 4H), 7.04 (m, 1H), 7.09 (m, 2H), 7.13 (m, 
2H), 7.56 (apt, 4H), 7.64 (d, J = 8.0 Hz), 7.97 (apt, 4H).31P{1H} NMR (162 MHz, C6D6) δ 18.6 
(d, J = 35.5 Hz), 28.3 (d, J = 35.5 Hz).  
 
Preparation of N-neopentyl-di-p-tolylamine (4.03).  
Inside a nitrogen-filled glovebox, a 50 mL Schlenk bomb equipped with a 
magnetic stir bar was charged with neopentylamine (440. mg, 5.04 
mmol). To the Schlenk bomb, CyPFtBu (34 mg, 0.06 mmol), Pd3(OAc)6 
(12 mg, 0.018), 4-Me-bromobenzene (1.76 g, 10.3 mmol), and NaOtBu (700. mg, 7.30. mmol) 
were added, along with 10 mL of dried 1,2-dimethoxyethane. The Schlenk bomb was sealed, 
removed from the glovebox, and heated at 80 oC for 22 h. The reaction progress was monitored 
by TLC, using hexane as the eluent. Once the reaction was complete, the DME was evaporated 
N(p-tolyl)2
P
P
PdFe
Ph2
Ph2
N
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under reduced pressure. The residue was dissolved in the eluent and chromatographed on a silica 
gel column. The product-containing fractions were combined, and the solvent was removed by 
rotary evaporation. The resulting residue was dried under high vacuum to afford 752 mg of 4.03 
(56%).1H NMR (500 MHz, CDCl3) δ 0.92 (s, 9H), 2.28 (s, 6H), 3.58 (s, 2H), 6.89 (d, J = 8.5 Hz, 
2H), 7.03 (d, J = 8.0 Hz, 2H). 13C{1H} NMR (126 MHz, CDCl3) δ 20.6, 28.8, 34.7, 64.0, 121.4, 
129.6, 130.2, 148.1. Anal. Calcd. for C19H25N: C, 85.34; H, 9.42; N, 5.24. Found: C, 85.18; H, 
9.41; N, 5.21.         
  
Preparation of 2-neopentyl-toluidine (4.12).  
In a 20 mL scintillation vial, neopentyl Grignard (8.6 mL of 1.0 M ether 
solution, 8.6 mmol) was added dropwise to a suspension of ZnCl2 (1.02g, 7.5 
mmol) in diethyl ether. The resulting mixture was stirred for 1 h at room 
temperature. The ether was evaporated in vacuo, and then the white residue was dissolved in 
THF. Next, 2-bromo-p-toluidine (456 mg, 2.45 mmol) and (DPPF)PdCl2 (90 mg, 0.12 mmol) 
were added to the THF solution. After stirring for 12 h at room temperature, the reaction was 
removed from the glovebox and quenched by the addition of 5 mL of a saturated aqueous 
solution of NH4Cl. The reaction mixture was then filtered through a plug of Celite, and the 
filtrate was extracted three times with ethyl acetate. The organic layers were combined and dried 
over Na2SO4. The crude material was purified by flash column chromatography using hexane as 
the eluent, affording 272 mg 2-neopentyl-toluidine 4.12 (63%). 1H NMR (400 MHz, CDCl3) δ 
0.99 (s, 9H), 2.25 (s, 3H), 2.41 (s, 2H), 3.49 (brs, 2H), 6.62 (d, J = 8.0 Hz, 1H), 6.81 (s, 1H), 
6.86 (d, J = 7.6 Hz, 1H). 13C{1H} NMR (126 MHz, CDCl3) δ 20.5, 29.7, 33.1, 44.3, 116.2, 
H2N
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124.5, 127.3, 127.5, 133.2, 142.4. Anal. Calcd. for C12H19N: C, 81.30; H, 10.80; N, 7.90. Found: 
C, 81.08; H, 11.01; N, 7.91.        
 
Preparation of 4-methyl-2-neopentyl-N-(p-tolyl)aniline (4.04).   
Inside a nitrogen-filled glovebox, a 50 mL Schlenk bomb equipped with a 
magnetic stir bar was charged with 4.12 (172 mg, 0.967 mmol). To the 
Schlenk bomb, Pd(dba)2 (14 mg, 0.024 mmol), Xphos (9 mg, 0.03 
mmol), 4-Me-bromobenzene (172 mg, 1.00 mmol), and NaOtBu (107 mg, 1.11 mmol) were 
added, along with 10 mL of dried toluene. The Schlenk bomb was sealed, removed from the 
glovebox, and heated at 80 oC for 16 h. The reaction progress was monitored by TLC, using 
hexane as the eluent. Once the reaction was complete, the toluene was evaporated under reduced 
pressure, and the residue was dissolved in CH2Cl2. The dichloromethane solution was then 
filtered through a plug of Celite, and the solvent was evaporated under reduced pressure. The 
residue was dissolved in hexane and chromatographed on a silica gel column, using hexane as 
the eluent. The product-containing fractions were combined, and the solvent was removed by 
rotary evaporation to afford 180 mg of 4.04 (70%). 1H NMR (500 MHz, CDCl3) δ 0.96 (s, 9H), 
2.27 (s, 3H), 2.30 (s, 3H), 2.49 (s, 2H), 5.33 (brs, 1H), 6.78 (d, J = 8.0 Hz, 2H), 6.96 (m, 2H), 
7.02 (d, J = 8.0 Hz, 2H), 7.13 (d, J = 8.5 Hz, 2H). 13C{1H} NMR (126 MHz, CDCl3) δ 20.5, 
20.8, 29.7, 32.9, 44.3, 116.5, 121.1, 127.4, 128.8, 129.7, 131.0, 131.1, 133.3, 139.2, 142.7. Anal. 
Calcd. for C19H25N: C, 85.34; H, 9.42; N, 5.24. Found: C, 85.19; H, 9.54; N, 5.27.     
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Preparation of (DPPF-CF3)Pd(2-NH2-C6H4)(Br)• 0.22 benzene (4.13).  
 In a 20 mL scintillation vial, (Cp)Pd(η3-allyl) (75 mg, 0.35 mmol)  was 
dissolved in benzene (5 mL). To this solution, a suspension of DPPF-
CF3 (289 mg, 0.35 mmol) in benzene (5 mL) was added. The solution 
changed from deep red to orange-red in color and became 
homogeneous. After the solution became homogeneous, a solution of 2-bromo-aniline (141 mg, 
0.82 mmol) in benzene was added dropwise. The reaction was heated at 55 oC for 10 min. After 
cooling to room temperature, a yellow solid formed. Diethyl ether was added to the reaction 
mixture to complete precipitation of the arylpalladium halide complex. The yellow solid was 
then filtered, washed three times with ether, and  dried in vacuo, affording 328 mg of 4.13 
(85%).  1H NMR (500 MHz, CDCl3) δ 3.05 (brs, 2H), 3.58 (s, 1H), 3.62 (s, 1H), 4.28 (s, 2H), 
4.43 (s, 1H), 4.51 (s, 1H), 4.69 (s, 1H), 5.02 (s, 1H), 5.90 (brs, 1H), 6.28 (t, J = 7.0 Hz, 1H), 6.42 
(t, J = 7.5 Hz, 1H), 6.79 (m, 1H), 7.12 (m, 2H), 7.22 (d, J = 8.0 Hz, 2H), 7.36 (s, 1.3H, benzene), 
7.56 (d, J = 7.5 Hz, 1H), 7.75 (d, J = 8.0 Hz, 2H), 7.78 (d, J = 7.5 Hz, 2H), 7.84 (m, 2H), 8.12 (t, 
J = 8.7 Hz, 2H), 8.21 (t, J = 8.7 Hz, 2H).31P{1H} NMR (202 MHz, CDCl3) δ 8.86 (d, J = 33.5 
Hz), 31.14 (d, J = 33.5 Hz). 19F{1H} (470 MHz, CDCl3) δ -63.47, -63.51, -63.59, -63.74. Anal. 
Calcd. for C46.32H34.32BrF12FeNP2Pd: C, 48.93; H, 3.04; N, 1.23. Found: C, 49.24; H, 2.71; N, 
1.34. 
 
Preparation of (DPPF-CF3)Pd(norbornylamino)(OTf) • 0.25 CH2Cl2 (4.05).  
 In a 20 mL scintillation vial, 4.13 (167 mg, 0.151 mmol)   was dissolved in CH2Cl2 (5 mL). To 
this solution, a suspension of AgOTf (44 mg, 0.17 mmol) in CH2Cl2 (5 mL) was added. The 
reaction mixture was stirred for 10 min at room temperature, and then the AgBr was removed by 
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filtration though a plug of Celite. Norbornene (37 mg, 0.39 
mmol) was added to the filtered reaction solution, and the 
resulting mixture was heated at 65 oC for 10 min. After 
cooling the reaction to room temperature, hexane was added to 
the reaction mixture to precipitate a dark-yellow-colored 
compound. The yellow solid was then filtered, washed three times with ether, and dried in vacuo, 
affording 134 mg of 4.05 (79%). 1H NMR (400 MHz, CDCl3) δ -0.51 (s, 1H), 0.94 (d, J = 11.0 
Hz, 1H), 1.13 (d, J = 12.0 Hz, 1H), 1.33 (m, 1H), 2.14 (s, 1H), 2.42 (m, 1H), 2.65 (s, 1H), 2.79 
(s, 1H), 3.49 (s, 1H), 3.91 (s, 1H), 3.99 (brs, 1H), 4.22 (s, 1H), 4.26 (s, 1H), 4.33 (s, 1H), 4.46 (s, 
1H), 4.77 (s, 1H), 5.30 (s, 0.5H, CH2Cl2), 5.51 (s, 1H), 5.93 (d, J = 7.6 Hz, 1H), 5.99 (brs, 1H), 
6.93 (t, J = 7.6 Hz, 1H), 7.12 (t, J = 7.6 Hz, 1H), 7.27 (s, 1H), 7.55 (d, J = 7.6 Hz, 2H), 7.66 (m 
,3H), 7.74 (m, 2H), 7.81 (m, 6H), 7.86 (d, J = 7.6 Hz, 2H), 8.10 (t, J = 8.4, 2H).31P{1H} NMR ( 
MHz, CDCl3) δ 18.0 (d, J =  47.6 Hz), 38.7 (d, J =  47.6 Hz) . 19F{1H} NMR (376 MHz, CDCl3) 
δ -78.48, -63.65, -63.58, -63.56, -63.48. Anal. Calcd. for C52.25H40.5Cl0.5F15FeNO3P2PdS: C, 
48.67; H, 3.17; N, 1.09. Found: C, 48.30; H, 2.91; N, 1.17. 
 
Preparation of (DPPF-OMe)Pd(2-NH2-C6H4)(Br)  (4.14).  
In a 20 mL scintillation vial, (Cp)Pd(η3-allyl) (84 mg, 0.39 mmol) was 
dissolved in benzene (5 mL). To this solution, a suspension of DPPF-
OMe (263 mg, 0.39 mmol) in benzene (5 mL) was added. The solution 
changed from deep red to orange-red in color and became 
homogeneous. After the solution became homogeneous, a solution of 2-bromo-aniline (201 mg, 
1.17 mmol) in benzene was added dropwise. The reaction was heated at 55 oC for 10 min. After 
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cooling to room temperature, a yellow solid formed. Diethyl ether was added to the reaction 
mixture to complete precipitation of the arylpalladium halide complex. The yellow solid was 
then filtered, washed three times with hexane, and dried in vacuo, affording 305 mg of 4.14 
(82%). 1H NMR (400 MHz, CDCl3) δ 2.53 (brs, 2H), 3.58 (s, 2H), 3.77 (s, 6H), 3.86 (s, 7H), 
4.13 (s, 2H), 4.44 (brs, 3H), 6.05 (brs, 1H), 6.28 (t, J = 4.0 Hz, 2H), 6.44 (t, J = 8.0 Hz, 2H), 6.62 
(brm, 4H), 6.90 (m, 2H), 7.00 (d, J= 8.0 Hz, 5H) 7.97 (brm, 4H).31P{1H} NMR (202 MHz, 
CDCl3) δ 6.89 (d, J = 33.5 Hz), 29.3 (d, J = 32.1 Hz). Anal. Calcd. for C44H42BrFeNO4P2Pd: C, 
55.46; H, 4.35; N, 1.62. Found: C, 55.82; H, 4.31; N, 1.63. 
 
Preparation of (DPPF-OMe)Pd(norbornylamino) • 0.1CH2Cl2  (4.06).  
 In a 20 mL scintillation vial, 4.14 (137 mg, 0.144 mmol)   was 
dissolved in CH2Cl2 (5 mL). To this solution, a suspension of 
AgOTf (38 mg, 0.15 mmol) in CH2Cl2 (5 mL) was added. The 
reaction mixture was stirred for 10 min at room temperature, 
and then the AgBr was removed by filtration though a plug of Celite. Norbornene (37 mg, 0.39 
mmol) was added to the filtered reaction solution, and the resulting mixture was heated at 65 oC 
for 10 min. After cooling the reaction to room temperature, hexane was added to the reaction 
mixture to precipitate a dark-yellow-colored compound. The yellow solid was then filtered, 
washed three times with ether, and dried in vacuo, affording 105 mg of 4.06 (65%). 1H NMR 
(500MHz, CDCl3) δ -0.11(brm, 1H), 0.43 (brs, 1H), 0.92 (brm, 2H), 1.20 (d, J = 10.5 Hz, 1H), 
1.34 (brm, 1H), 2.39 (brm, 1H), 2.60 (brs, 1H), 2.73 (t, J = 6.0 Hz, 1H), 3.68 (s, 1H), 3.82 (s, 
3H), 3.87 (s, 3H), 3.88 (s, 3H), 3.89 (s, 3H), 3.97 (s, 1H), 4.10 (s, 1H), 4.16 (s, 1H), 4.23 (s, 1H), 
4.32 (s, 1H), 4.52 (s, 1H), 4.86 (s, 1H), 5.30 (s, 0.2 H, CH2Cl2), 5.81 (brs, 2H), 5.98 (d, J = 8.0 
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Hz, 1H), 6.84 (d, J = 7.5 Hz, 2H), 6.88-6.92 (m, 3H), 7.02-7.05 (dd, 3H), 7.07-7.09 (m, 2H), 
7.19 (d, J = 7.0 Hz, 1H), 7.45 (dd, J = 8.5, 10.0 Hz, 3H), 7.52 (dd, J = 9.5, 19.0 Hz, 3H), 7.72 
(dd, J = 9.0, 11.0 Hz, 2H). 31P{1H} NMR (162 MHz, CDCl3) δ 11.33 (d, J = 37.3 Hz), 31.5 (d, J 
= 37.3 Hz). Anal. Calcd. for C52.1H52.2Cl0.2F3FeNO7P2PdS: C, 55.64; H, 4.68; N, 1.25. Found: C, 
55.38; H, 4.62; N, 1.30.   
 
Preparation of (DPPF)Pd(2-NH2-4-CF3-C6H3)(Br) • 0.61 C6H6  (4.15).  
In a 20 mL scintillation vial, (Cp)Pd(η3-allyl) (65 mg, 0.31 mmol) was 
dissolved in benzene (5 mL). To this solution, a suspension of DPPF 
(168 mg, 0.30 mmol) in benzene (5 mL) was added. The solution 
changed from deep red to orange-red in color and became 
homogeneous. After the solution became homogeneous, a solution of 2-bromo-4-CF3-aniline (74 
mg, 0.31 mmol) in benzene was added dropwise. The reaction was heated at 55 oC for 10 min. 
After cooling to room temperature, a yellow solid formed. Diethyl ether was added to the 
reaction mixture to complete precipitation of the arylpalladium halide complex. The yellow solid 
was then filtered, washed three times with hexane, and dried in vacuo, affording 243 mg of 4.15 
(87%). 1H NMR (500 MHz, CDCl3) δ 3.49 (s, 1H), 3.54 (s, 1H), 4.15 (s, 4H), 4.49 (s, 1H), 4.57 
(s, 1H), 4.65 (s, 1H), 4.88 (s, 1H), 5.93 (m, 1H), 6.60 (d, J = 5.0 Hz, 1H), 6.99 (brm, 2H), 7.07 
(d, J = 10.0 Hz, 1H), 7.17-7.22 (m, 4H), 7.36 (s, 3.7H, benzene) 7.50 (brs, 9H), 8.03 (brm, 5H). 
31P{1H} NMR (162 MHz, CDCl3) δ 10.3 (d, J = 30.6 Hz), 32.8 (d, J = 31.7 Hz). 19F{1H} NMR 
(376 MHz, CDCl3) δ -61.0. Anal. Calcd. for C44.66H36.66BrF3FeNP2Pd: C, 56.55; H, 3.90; N, 
1.48. Found: C, 56.53; H, 3.75; N, 1.51. 
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Preparation of (DPPF)Pd(norbornylamino-p-CF3)(OTf) • 0.15 CH2Cl2  (4.07).  
In a 20 mL scintillation vial, 4.15 (106 mg, 0.118 mmol) was 
dissolved in CH2Cl2 (5 mL). To this solution, a suspension of 
AgOTf (35 mg, 0.13 mmol) in CH2Cl2 (5 mL) was added. 
The reaction mixture was stirred for 10 min at room temperature, and then the AgBr was 
removed by filtration though a plug of Celite. Norbornene (28 mg, 0.30 mmol) was added to the 
filtered reaction solution, and the resulting mixture was heated at 65 oC for 10 min. After cooling 
the reaction to room temperature, hexane was added to the reaction mixture to precipitate a dark-
yellow-colored compound. The yellow solid was then filtered, washed three times with ether, 
and dried in vacuo, affording 64 mg of 4.07 (60%). 1H NMR (500 MHz, CDCl3) δ. -0.18 (brs, 
1H), 0.92 (m, 4H), 1.15 (d, J = 8.0 Hz, 1H), 1.36 (m, 1H), 2.17 (s, 1H), 2.59 (s, 1H), 2.72 (s, 
1H),  3.65 (s, 1H), 3.90 (s, 1H), 4.18 (s, 1H), 4.23 (s, 1H), 4.26 (s, 1H), 4.40 (s, 1H), 4.58 (s, 1H), 
4.95 (s, 1H), 5.30 (s, 0.3H, CH2Cl2), 5.88 (d, J = 8.0 Hz, 1H), 6.00 (brs, 1H), 7.13 (d, J = 8.0 Hz, 
1H), 7.35 (m, 3H), 7.43-7.65 (m, 16H), 7.83 (m, 3H). 31P{1H} NMR (162 MHz, CDCl3) δ 14.2 
(d, J = 38.9 Hz), 34.7 (d, J = 38.9 Hz). Anal. Calcd. for C49.15H43.3Cl0.3F6FeNO3P2PdS: C, 54.82; 
H, 4.05; N, 1.30. Found: C, 54.52; H, 4.05; N, 1.48. 
 
Preparation of (DPPF)Pd(2-NH2-4-OMe-C6H3)(Br) • 1.01 C6H6  (4.16).  
In a 20 mL scintillation vial, (Cp)Pd(η3-allyl) (78 mg, 0.37 mmol) 
was dissolved in benzene (5 mL). To this solution, a suspension of 
DPPF (204 mg, 0.37 mmol) in benzene (5 mL) was added. The 
solution changed from deep red to orange-red in color and became 
homogeneous. After the solution became homogeneous, a solution of 2-bromo-4OMe-aniline (78 
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mg, 0.38 mmol) in benzene was added dropwise. The reaction was heated at 55 oC for 10 min. 
After cooling to room temperature, a yellow solid formed. Diethyl ether was added to the 
reaction mixture to complete precipitation of the arylpalladium halide complex. The yellow solid 
was then filtered, washed three times with ether, and dried in vacuo, affording 245 mg of 4.16 
(77%).1H NMR (400 MHz, CDCl3) δ 3.47 (s, 3H), 3.54 (s, 2H), 3.66 (s, 2H), 4.13 (s, 2H), 4.50 
(s, 2H), 4.72 (brs, 2H), 5.88-5.98 (m, 2H), 6.49 (m, 1H), 7.09 (brm, 4H), 7.29 (brm, 2H), 7.36 (s, 
6.1H, benzene) 7.39 (brm, 2H), 7.47 (m, 8H), 8.04 (m, 4H). 31P{1H} NMR (162 MHz, CDCl3) δ 
10.1 (d, J = 29.3 Hz), 32.0 (d, J = 29.3 Hz). Anal. Calcd. for C47.06H42.06BrFeNOP2Pd: C, 60.02; 
H, 4.50; N, 1.49. Found: C, 59.76; H, 4.36; N,1.61. 
 
Preparation of (DPPF)Pd(norbornylamino)(OTf) • 1.2 CH2Cl2 (4.08).  
In a 20 mL scintillation vial, 4.16 (142 mg, 0.164 mmol) was 
dissolved in CH2Cl2 (5 mL). To this solution, a suspension of 
AgOTf (55 mg, 0.21 mmol) in CH2Cl2 (5 mL) was added. The 
reaction mixture was stirred for 10 min at room temperature, and then the AgBr was removed by 
filtration though a plug of Celite. Norbornene (25 mg, 0.26 mmol) was added to the filtered 
reaction solution, and then the resulting mixture was heated at 65 oC for 10 min. After cooling 
the reaction to room temperature, hexane was added to the reaction mixture to precipitate a dark-
brown-colored compound. Black crystals of 4.08 formed, and X-ray crystallography confirmed 
the structure of 4.08. The black solid was then filtered, washed three times with ether, and dried 
in vacuo, affording 92 mg of 4.08 (55%). 1H NMR (500 MHz, CDCl3) δ -0.26 (s, 1H), 0.99 (m, 
1H), 1.17 (d, J = 10.0 Hz, 1H), 1.26 (m, 1H), 2.09 (s, 1H), 2.35 (m, 1H ), 2.63 (s, 4H) 3.60 (s, 
1H), 3.77 (s, 3H), 3.94 (s, 1H), 4.16 (s, 1H), 4.20 (s, 1H), 4.23 (s, 1H), 4.38 (s, 1H), 4.60 (s, 2H), 
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4.63 (s, 2H), 5.06 (s, 1H), 5.30 (s, 1H), 5.72 (brs, 1H), 5.79 (d, J = 10.0 Hz, 1H), 6.42 (d, J = 5.0 
Hz, 1H), 6.71 (s, 1H), 7.32 (m, 2H), 7.46 (m, 4H), 7.54 (m, 7H), 7.83 (brm, 4H).31P{1H} NMR ( 
202 MHz, CDCl3) δ 18.4 (d, J = 47.3 Hz), 38.2 (d, J = 47.3 Hz). Anal. Calcd. for 
C50.2H48.4Cl2.4F3FeNO4P2PdS: C, 53.45; H, 4.32; N, 1.24. Found: C, 53.78; H, 4.20; N, 1.37. 
 
Preparation of (DPPF)Pd(2-NHAc-C6H4)(Br) (4.17).  
 In a 20 mL scintillation vial, (Cp)Pd(η3-allyl) (91 mg, 0.43 mmol) 
was dissolved in benzene (5 mL). To this solution, a suspension of 
DPPF (234 mg, 0.42 mmol) in benzene (5 mL) was added. The 
solution changed from deep red to orange-red in color and became homogeneous. After the 
solution became homogeneous, a solution of 2-bromo-aceanilide (109 mg, 0.51 mmol) in 
benzene was added dropwise. The reaction was heated at 55 oC for 10 min. After cooling to 
room temperature, a yellow solid formed. Diethyl ether was added to the reaction mixture to 
complete precipitation of the arylpalladium halide complex. The yellow solid was then filtered, 
washed three times with hexane, and dried in vacuo, affording 338 mg of 4.17 (90%).1H NMR 
(400 MHz, CDCl3) δ 2.07 (s, 3H), 3.36 (s, 1H), 3.46 (s, 1H), 4.06 (s, 2H), 4.41 (s, 1H), 4.49 (s, 
2H), 4.72 (s, 1H), 6.24 (t, J = 7.2 Hz, 1H), 6.46 (t, J = 7.6 Hz, 1H), 6.73 (m, 1H), 6.97 (m, 4H), 
7.03 (m, 2H), 7.08 (m ,1H), 7.30-7.44 (m, 10H), 7.84 (m, 2H), 8.08 (t, J = 8.0 Hz, 2H), 8.23 (s, 
1H).31P{1H} NMR (162 MHz, CDCl3) δ 10.6 (d, J = 31.7 Hz), 33.0 (d, J = 31.7 Hz). Anal. 
Calcd. for C42H36BrFeNOP2Pd: C, 57.66; H, 4.15; N, 1.60. Found: C, 57.47; H, 4.34; N, 1.71. 
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Preparation of (DPPF)Pd(norbornyl-amidate) (4.09).  
In a 20 mL scintillation vial, 4.17 (312 mg, 0.351 mmol) was dissolved 
in CH2Cl2 (5 mL). To this solution, a suspension of AgOTf (91 mg, 
0.35 mmol) in CH2Cl2 (5 mL) was added. The reaction mixture was 
stirred for 10 min at room temperature, and then the AgBr was removed by filtration though a 
plug of Celite. Norbornene (90 mg, 0.95 mmol) was added to the filtered reaction solution, and 
the resulting mixture was heated at 65 oC for 10 min. After cooling to room temperature, the 
volatiles were evaporated in vacuo, and the residue was dissolved in THF. To the THF solution, 
KOH (109 mg, 1.9 mmol) was added, and the reaction mixture was stirred for 1 h at room 
temperature. The crude product was purified by column chromatography, using 33% hexane in 
acetone as the eluent. The yellow product-containing fractions were combined, and the solvent 
was evaporated under reduced pressure. The product was precipitated from dichloromethane 
with hexane as a yellow-colored powder. The yellow solid was then filtered, washed three times 
with ether, and dried in vacuo, affording 42 mg of 4.09 (13%). 1H NMR (400 MHz, CDCl3) δ -
0.09 (brs, 1H), 0.51 (d, J = 9.6 Hz, 1H), 0.80 (brs, 1H), 1.02 (brs, 1H) 1.26 (s, 2H), 1.62 (s, 3H), 
2.02 (s, 1H), 2.11 (dd, J = 7.6, 23.2 Hz, 1H), 2.21 (s, 1H), 2.52 (s, 1H), 3.38 (s, 1H), 3.70 (s, 1H), 
4.08 (s, 1H), 4.12 (s, 1H), 4.37 (s, 1H), 4.44 (s, 1H), 4.50 (s, 1H), 4.83 (s, 1H), 5.85 (s, 1H), 6.98 
(brm, 1H), 7.07 (brm, 1H), 7.14 (brm, 2H), 7.23 (d, J = 7.6 Hz, 1 H), 7.32-7.38 (m, 3H), 7.46 (m, 
7 H), 7.55 (d, J = 6.4 Hz, 1H), 7.61 (m, 4H), 7.80 (m, 2H) .31P{1H} NMR (162 MHz, THF) δ. 
19.0 (d, J = 39.0 Hz), 33.70 (d, J = 39.0 Hz).  
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 Preparation of 2-endo-di-p-tolylamino-2-exo-methyl-norbornane (4.10).  
 
Inside a nitrogen-filled glovebox, a 20 mL scintillation vial equipped with a magnetic stir bar 
was charged with 4.10c (340 mg, 2.72 mmol). To the vial, Pd(dba)2 (255 mg, 0.443 mmol), 
PtBu3 (184 mg, 0.911 mmol), and NaOtBu (673 mg, 7.01 mmol) were combined with 10 mL of 
toluene. The vial was sealed, removed from the glovebox, and heated at 100 oC for 16 h. The 
reaction progress was monitored by TLC, using hexane as the eluent. Once the reaction was 
complete, the toluene was evaporated under reduced pressure, and the residue was dissolved in 
CH2Cl2. The dichloromethane solution was then filtered through a plug of Celite, and the solvent 
was evaporated under reduced pressure. The residue was dissolved in hexane and 
chromatographed on a silica gel column, using hexane as the eluent. The product-containing 
fractions were combined, and the solvent was removed by rotary evaporation to afford 102 mg of 
4.10 (13%). 1H NMR (400 MHz, CDCl3) δ 0.74 (d, J = 6.8 Hz, 3H), 1.14 (m, 1H), 1.19-1.27 (m, 
4H), 1.67 (d, J = 10.4 Hz, 1H), 1.76 (brs, 1H), 1.87 (m, 1H), 2.29 (s, 6H), 2.80 (brs, 1H), 3.50 
(brs, 1H), 6.82 (d, J = 8.8 Hz, 4H), 7.05 (d, J = 8.4 Hz, 4H). 13C{1H} NMR (101 MHz, CDCl3) δ 
20.6, 21.3, 21.9, 34.8, 39.8, 40.7, 43.4, 70.5, 123.9, 129.4, 131.2, 147.2. Anal. Calcd for 
C22H27N: C, 86.51; H, 8.91; N, 4.59. Found: C, 86.41; H, 9.01; N, 4.45. 
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Preparation of 2-exo-di-p-tolylamino-3-exo-methyl-norbornane (4.11).  
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The synthesis of compound 4.11c was accomplished by following known literature procedures.26 
Treating compound 4.11c with a saturate solution of NaHCO3 (aq) and extracting with ether 
afforded compound 4.11d. The coupling reaction to form compound 4.11e was based on 
analogous coupling reactions of alkyl amines and aryl bromides.27  Reduction of compound 
4.11e was conducted by slowly adding a diethyl ether solution of 4.11e to a suspension of LAH. 
The corresponding alcohol was tosylated with tosyl-chloride in the presence of 10% DMAP.  
In a 20 mL scintillation vial, lithium aluminum hydride (8 mg, 0.2 mmol) was suspended 
in 1 mL of diethyl ether. An ethereal solution of compound 4.11g (40 mg, 0.084 mmol) was 
added dropwise to the stirred suspension of LAH. The vial was sealed, removed from the 
glovebox, and heated at 50 oC for 3 h. After cooling to room temperature, the reaction was 
quenched by the addition of two drops of water, followed by two drops of 15% aqueous NaOH, 
and then four more drops of water. The resulting suspension was filtered through a plug of 
MgSO4, and the ether was evaporated in vacuo. Crude compound 4.11 was purified by 
preparatory TLC, eluting with hexanes to afford 18 mg of 4.11 (66%). 1H NMR (400 MHz, 
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CDCl3) δ 0.91 (d, J = 6.8 Hz, 3H), 1.11-1.13 (m, 1 H), 1.28-1.41 (m, 3H), 1.51-1.63 (m, 2H), 
1.88 (m, 1H), 1.93 (brs, 1H), 2.31 (s, 6H), 2.43 (brs, 1H), 3.03 (m, 1H), 6.73 (d, J = 8.4 Hz, 4H), 
7.07 (d, J =  8.4 Hz, 4H). 13C{1H} NMR (101 MHz, CDCl3) δ 15.6, 20.6, 21.6, 28.2, 37.5, 40.5, 
41.7, 42.5, 69.9, 123.6, 129.5, 131.0, 145.8.  
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Table 4.10 Crystal data and structure refinement for complex 4.08. 
 
Parameter Value 
Empirical formula C49H46F3FeNO4P2PdS 
Formula weight 1026.12 
Temperature 183(2) K 
Wavelength 0.71073 Å 
Crystal system Triclinic 
Space group P-1 
Unit cell dimensions a = 10.9349(5) Å     a= 80.287(3)° 
b = 10.9967(5) Å     b= 81.229(3)° 
c = 19.8810(10) Å     g = 69.180(3)° 
 
Volume 2191.38(18) Å3 
Z 2 
Density (calculated) 1.555 Mg/m3 
Absorption coefficient 0.922 mm-1 
F(000) 1048 
Crystal size 0.305 x 0.149 x 0.136 mm3 
Theta range for data collection 1.04 to 27.18° 
Index ranges -13<=h<=14, -14<=k<=14, -25<=l<=25 
Reflections collected 63993 
Independent reflections 9633 [R(int) = 0.0591] 
Completeness to theta = 27.18° 99.0 % 
Absorption correction Integration 
Max. and min. transmission 0.9379 and 0.8071 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9633 / 304 / 639 
Goodness-of-fit on F2 1.029 
Final R indices [I>2sigma(I)] R1 = 0.0365, wR2 = 0.0780 
R indices (all data) R1 = 0.0565, wR2 = 0.0869 
Largest diff. peak and hole 1.049 and -0.429 e.Å-3 
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Table 4.11 Selected bond lengths for complex 4.08. 
 
Bond between Bond Length (Å) 
Pd(1)-N(1) 2.099(2) 
Pd(1)-C(8) 2.108(3) 
Pd(1)-P(1) 2.2677(7) 
Pd(1)-P(2) 2.3957(8) 
  
 
Table 4.12   Selected bond angles for complex 4.08. 
 
Angle  between Bond Angle (°) 
N(1)-Pd(1)-C(8) 84.06(11) 
N(1)-Pd(1)-P(1) 169.10(8) 
C(8)-Pd(1)-P(1) 86.75(8) 
N(1)-Pd(1)-P(2) 90.98(7) 
C(8)-Pd(1)-P(2) 173.53(8) 
P(1)-Pd(1)-P(2) 98.59(3) 
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